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ABSTRACT 
The results of a thirteen-month hydrographic survey of Kaneohe 
Bay are presented in this primarily descriptive study. The subjects 
covered in the study are the hypsographic conditions, tides, .circula-
tion patterns, volume transports, sewage distribution,heatbudget, 
i 
preceipitation, runoff and the distribution of water properties in the 
.&y. The interrelations between these subjects are also examined • . 
A primary conclusion of the ' study is that the bathymetry of the 
fuy has a controlling effect on the circulation. This is due to the 
large reef areas that restrict the flow, especially from the southeast 
basin. The flow , in turn. governs the volume of water transported into 
and out of the Bay. the areas of heat gains and losses, the amount of 
stratification, and the sewage distribution in the Bay. 
The amplitude and phase of the tides in the Bay were determined. 
The wind was found to exert an influience on the differences between 
the Honolulu and Kaneohe Bay tides. Stronger trade winds increase 
: " . 
the amount of time a tide in the Bay preceeds the Honolulu tide and 
also increase the tidal height in the Bay relative to Honolulu. 
The tidal records for the Bay show an unexpectedly high number 
of free oscillations. The theoretical free oscillations for the Bay 
were therefore calculated and the results are canpared with the ob-
served oscillations. The observations indicate a predominance of 
single and binodal free oscillationS; however, the influence of these 
i 
I 
i ii 
oscillations on the current velooi ties ·in the Bay is small. 
The ciroulation patterns present in the Bay during an incoming and 
an outgoing tide were detennined.' Both patterns show oonsiderable 
" 
t 
variation in ourrent velooi ty and: direotion depending upon the location 
in the Bay. The o.verall ourrent patterns • however. are very consistent. 
The northwest half of the Bay has a more active ciroulation than the 
. . 
southeast halt, because there are fewer now restrictions in the north- ' 
west half of the Bay. CircUlation patterns below 4 m in the deeper 
inshore portions of the Bay are very oonsistent I and frequently cir-
culate in opposite directions to the surface oirculation. The ourrent 
patterns during the ohanging tides reverse at some looations" as in 
the southeast oharmel. The ,amount of this now reversal is. dependent 
upon the tidal cycle and the wind • 
. A oonsiderable amount of water is exohanged aoross the entrance 
reefs and in the two charmeJ.s during each tidal change. The net now 
through the inshore portion of the Bay. however. is limited since a 
majority of the water exohanged is the surfaoe water that is Close to 
the Bay entrance. The result is the nushing rate in the inshore 
portion of the Bay is low. The Bay acoumulates water from precipita. 
tion. runoff. and the addition of sewage. This aooumUlated volullie 
leaves the basin withtbe tidal exohange transports. appearing as a 
daily net volume outflow from the Pay. Sinoe the preoipitationand 
evaporation are approximately equal. this net outnow from the Bay is 
essentially a result of th~addition of runoff and sewage to the Bay. 
'\ 
iii 
The circulation throughout1~he lay determines the distribution of 
temperature, salinity, oxygen. and phosphate. The distribution of 
these properties was determined each month. The results I presented 
in maps for the surface. S m and 10 m indicate the Bay is more strati-. 
fied in the summer than during the winter. An analysis of diurnal 
. .. 
measurements shows the range of daily water property variations due to 
the combined effects' of heating. circulation. and tides, is approximatelY 
l/Sth of the seasonal variations. 
The yearly mean water tan.pe:rature in the lay Was higher than the 
open ocean, implying that heat must have been advected from the Bay 
during the year. A oomputation using the temperature and volume of the 
mean monthly net and exchange transports showed such a heat loss. 
The Bay must. therefore. have an annual heat gain at the surface •. Such 
an annual heat gain was demonstrated by computing the heat;excha~ed 
at the surface of the Bay. The results of an alternate method fot-
computation of the heat exchanged at the surface of the Bay shows a 
slight loss of heat throughout the year. Heat losses from the surface 
of the Bay are prevalent on the reefs while heat gains are generally 
found in the deep inshore areas and areas adjacent to the stream mouths. 
Runoff contributes to the stratification in the lay and also in-
fluences the seasonal distribution, of phosphate on the surface of 
the southeast basin. The mixing during winter storms prevents strat-
ification in the basin. As a result. the phosphate. tElllperature. 
and salinity values in the southeast basin during the winter are more 
uniform with depth. In the summer the stratification in the basin 
causes the sewage and runoff to ranain on the surfaoe. resulting in 
greater phosphate, temperature and salinity variation in both the 
surface a.nd deep wa.ter of the basin. 
A time series analysis. used to correlate thepr~oeipitation 
measured at Mokuoloe Island with the stream runoff into the &l.y. 
revealed a very gradual increase in stream runoff into the southeast 
basin over the past thirty ... one years. This increase is attributed to 
an increase in urban construction in the drainage area oftha streams 
emptying into the basin. 
iv 
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1. INTRODUCTION 
A. General - Jraneohe Eay is a valuable natural resource for the 
State of Hawaii. Interest in the Fay has been expressed by the state 
for preservation of the Bay as a natural resource, and also by the 
fishery and bait industry for commercial use. military and civilian 
agencies for industrial use. and community groups for recreational pur-
poses. The Hawaii Institute of Marine Biology (HIMB) on Mokuoloe Island 
has had a particular interest in the Bay because HIMB uses Kaneohe Bay 
as a location tor basic researoh'and provides marine biologists with a 
facility for investigation of a wide variety of biologioal problems. 
The need for a study of Kaneohe Bay, therefore. had existed for same 
time. 
B. Review of Past Work - In general t past studies in the Ea.y 
were concerned with specific problems that were successfully investigated 
at limited locations within the ,Bay. None of these studies included an 
extensive hydrographic survey. investigated more than one or two physioal 
Ii 'J,' 
parameters, or discussed correlations with other physical parameters. 
Tsu (1953) obtained measurements of the variation in the physical 
environment of ponds immediately' adjacent to Mokuoloe Island. Single· 
daily measurements of tanperatur,e and salinity were averaged for each 
week. These values were graphed with no further analysis at the results 
discussed. Laevastu t Avery t and Cox (1964) followed circulation patternSl 
in the Bay for three suocessive days. The,y concluded a Simple south-to-
north circulation throughout the Eay. Their data were gathered during 
15 
3 days in September and no detailed discussion or analysis of their re-
sults was given. Data by Tester ;and Piyakarnchana (Tester and 
Piyakarnchana. 1965) indicated a circular flow on the surface of the 
southeast basin. Their studies. however, were primarily concerned with 
biological problems and their hydrographic data were limited. 
c. Objective of the Study.- The objeotive of the study was to 
complete a physical oceanographic survey of Kaneohe Pay and to examine 
the relations between the physical phenomena observed. The objective 
did not include detailed theoretical discussions or comparisons with 
other bays a:ndestuaries because the need was primarily for a thorough 
descriptive study. 
A descriptive study of the physical phenomena in the Bay must 
consider all of the environments in the &'y and the interaotions between 
them. One important requirement of the study was to determine the 
I 
effects of the widely varying bathymetry and environments on the cir-
culation and water properties. The lay has enviromnents from oceanic 
to estuarine in character. These environments include expansive reefs. 
fringing reefs, sand and coral rubQl,e. shoal and dredged channels. 
mud flats, mangrove swamps. and waste disposal areas. Thebathymetry 
of the &.y provides unique combinations of these environments and 
various degrees of isolation from ~he ocean. A thorough descriptive 
I 
study must, therefore, include the entire lay and be extended over 
theyear1s climatic changes such that a complete yearly cycle for 
all areas in the &'y would be observed. 
To accomplish a thorough descriptive study of the ~. the tidal 
changes. circulation. volume transports. meteorology, precipitation, 
runoff. heat budget. and sewage additions must be known. These data 
were gathered either from past records or through observations in the 
Bay. 
D. Stud¥ Duration - All measurements were taken for thirteen 
months, with the collection of some data continued for a total of 
nineteen months. Repeating all measurements each month emphasized 
data distortions due to anomalous meteorological conditions, and pro-
vided good detail of the repeating patterns in the &ty. 
E. Data Collection and AnaIYs~s - The data taken for thirteen 
months included: 
1 - Current measurements (flbw and path methods). 
2 - Monthly surveys of the tJEIIlperature, salinity, o.x;ygen and 
phosphate distribution. 
:3 - Tidal measurements. 
4 - Wave data 
5 - Rainfall and runoff meas'urEl'llents. 
The data taken for nineteen months included: 
1 - Sewage Discharge data 
2 - Meteorological data. 
J 
16 
Initially all data were correoted and reduced or converted to the form 
required fqr each analysis. The data were then plotted and used for 
computations. The monthly survey values for the water temperature, 
17 
salinity. oxygen concentration and pnosphate concentration were plotted 
for three depths (surface, .5m and ilOm) and isopleths were drawn for 
each water property. The data were taken during incoming tides, 
outgoing tides, combined incoming-outgoing tides, and during different 
rates of tidal changes (am/hr). The first step in the use of the data 
:Was to determine the circulation patterns in the Bay using the water 
property maps in conjunction with all of the current observations. The 
variations of these circulation patterns due to seasonal weather changes, 
tid es. and free oscillations in the .&.y were then determined. Last t 
the circulation results were used to determine the volume transports, 
sewage distribution, advection of heat from the Bay, and the variation 
in seasonal stratification in the Bay. In analyzing each subject 
all of the results from the other analyses were considered. 
18 
2. FIELD PROCEDURES AND ' MEASURl!MENl' SUMMARY 
A. List of Equipment, Calibration and Field Use 
(1) Hydroproducts In ~ Salinometer - (Model RS-5-J in-
duotion salinometer consisting cif a twin-~oroidtransducer and 
thermistor bead on a fifty-foot cable, and a balancing bridge with 
direct conductivity-to-salinity conversion.) The in ~ salinometer 
was used for field observations ,of temperature, conductivity and 
salinity. It 'was calibrated with standard Copenhagen water using a 
Hydroproductslaboratory salinometer .. Model 621. The field unit was 
then checked prior to each use with a noninductive. stable 40-ohm 
resistor and a dry cell (matched to the unit following laboratory 
calibration). Two laboratory calibrations of conductivity were per-
formed six months apart. Temper.ature calibration was performed each 
month with three reversing thermometers. In field use. conductivity 
(salini ty) and temperature measurEllilents were taken both on lowering 
and raising the in situ probe. 
. . 
(2) Yellow Springs In Situ O~gen Probe .. (Model YSI 51 
conSisting of a thermistor bead, balanCing bridge, polarographiC 0Jl\Vgen 
probe and calibration chamber). ·The o~gen probe was used to measure 
temperature and dissolved oJl\Vgen. 1 The thermistor on the probe was 
calibrated prior to each use against three reversing thermometers. 
O~gen calibration was performed just prior to each cast. The calibra-
tion used air entrapped in the calibration chamber at each station as 
the lOO~ oxygen saturation standard. The corresponding sea water 
standard at eaoh station was obtained tram a graph carried on the 
monthly surve,ys. This graph was obtained from the results of 
Truesdale (1955) tor dissolved o~gen in seawater. I . 
. 
I 
(3) BeckmanUltraviol~t Spectrophotometer - (Model DU.2). 
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The spectrophotometer wa~used tor the turbidity and phosphate de-
termination of samples taken each month (Stricklanq and Parsons, 1965; 
Reactive Phosphorus). The spect~ophotometer, was calibrated twice at 
a six-month interval and was balanced against distilled water prior 
to the measurement of each sample. Phosphate samples were tixed .~ 
the field with 0.7% chloroform (Gilmartin, 1967),chilled .and analyzed 
within twenty-tour hours. Each 300-ml sample was ana.lyzed twice and the 
resul ts were averaged. 
(4) Ekman-Merz Current Meter -(TSK Model - T.S. Ekman-Herz). 
Two instruments were usedi they were calibrated by towing the meters 
at various speeds over a . three-hundred-:toot course. Field use in..-
volved dual anchoring and twenty-minute meaSUl't;II1ent periods. 
(5) Hydrowerkstatten Paddlewhee). Current Meter - (A counter 
and campassare strobe-imaged onto 100 feet ot 16 millimeter tilm for 
a continuous twenty-one-day record of the current velocity and dir-
ection taken at five-minute intervals). Two instruments were used to 
obtain data tor determining the cn'culation and volume transports. 
In field use. both instruments were installed. one in eaoh· channel. 
and were operated simultaneously ~t 1-. 4-. and 8-m depths. Two such 
installations were made. 
20 
J. 
(6) Belfort Portable tiquid Level Recorder - (No .. 5-FW-l 
consisting ofa cam, float, and balance weight to record liquid levels). 
Two instr1.lll1ents were used to obtain tide and oscillation reoords. The 
gauges were calibrated while in salt water with a precision steel rule. 
Their eight-day timers were calibrated once over a.n eight-day' period ... 
'~I. 
using a precision timer as a standard. One tide ga.uge (master) reo. 
i 
maineda t MokUoloe Island adjacent to a bench mark while the other 
gauge (secondary) was periodicall,Y moved to four locations i.i1 the lay. 
'(7) Weems Position Finder - ,(consisting of a split sighting 
mirror on a pivot with three·' sighting anns). The instrument was used 
for all position plotting in1the lay. Each position Sighted was 
plotted on a resin-covered map kept in the boat and was recorded at 
the COmpletion of each run. Visual estimates of most pOSitions were 
also made for a crossch'eck. 
(8) Drogue Buoys - (fabricated for the study .. Figure 1). 
, I· . 
Six buoys were constructed. The construction aim was to minimize the 
wind drag as cOmpared to the submerged resistance. This was ac. 
cOmplished b.1 using a large submerged parachute and a small. slightly 
buoyant float. Tests of the bua,ys in a 5-knot wind indicated a sub-
merged drag coefficient of 5.28 and above-water drag coefficient of 0.84. 
(9) Integrating Current Meters- (constructed b.1 D.Avery; 
see Avery. 1968). ' The four instr1.lll1ents were 'calibrated by the 
designer ahd ca.libration curves were availa.ble. Each instrument l 
<. 
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contains two records, one recording ~ll current motion and the second 
recording the most prevalent current motions. The instruments were 
used in pairs at the same two depths throughout the B9.y. Each pair of 
records were combined into the one diagram drawn on Data Map No.7. 
The depths chosen were 2 and 6 mf:)ters, with all measurements being 
i between seven and fifteen days ih duration. 
(10) Water Sampler - (fabricated device for taking simultan-
eous 300 milliliter samples of s~ water at depths of 0., .5- t and 10-
meters). This device was used to obtain sea water samples for 
turbidity and phosphate measura:nents. 
(11) Drift cards - (Six-inch square, plastic, and numbered 
consecutively). Ten to twenty drift cards were cast prior to taking 
current meter measurements. They were retriV'ed 1 to 3 hours later at 
the completion of the current meter stations. Once the cards were 
located, their positions were found using the Weans Position Finder 
and this data recorded. The results have been included with buoy 
run data. 
(12) Rainfall gauge - (Department of the Interfor Installation~ 
gauge manufactured by H.J. Green Co., Model 340). The instrument was 
used to obtain precipitation measurements on Mokuoloe Island. The data 
were taken daily by Mokuoloe personnel and are recorded in logs dating 
back to November, 19,54. 
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(13) Wind speed and direction indicator - (fabricated for 
the study - Figure 2). This device was used to obtain the wind speed 
and direction while on station. ,These wind data were compared with 
the meteorological data from the Kaneohe Marine Corps Air Station 
meteorology section. This facility provided three to four daily 
readings which included Greenwicn time. temperature of the air (OF). 
dewpoint temperature (OF). cloud coverage (%). sea level pressure (mb), 
wind velocity (knots), and wind direction (degrees). 
(14) Wave Staff - (fabricated for the Study .. Figure 2). 
This device was used to obtain wave height data. The staff was placed 
in the water adjacent to the anchored boat and observations taken 
visually with a stop watch. 
(15) Seventeen-foot Boston Whaler withthirty-five-horsepower 
outboard and necessary aUXiliary boat equipnent. Added equipment in-
cluded a waterproofed plotting map and protective container. clock. 
hand winch. instrument container. and buoy racks. 
B. Station Selection and Field Activities - A network of fifty-
one stations was established throughout the Bay as shown on Map 1. 
The large number of stations was chosen to insure coverage of all 
locations. The station pattern established has a maximum separation 
between neighboring stations of 1720 m and minimum separation of 238 m. 
The course covered in traversing these stations each month was estab-
lished with consideration being given to the minimum possible running 
time. A minimum of 151 probe ITieaSurements plus 128 sea-water samples 
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were taken during each monthly sUrvey. The boat used for the study was 
equipped to minimize the time on\ station plus affording some measure 
of safety from the rains t winds. and heavy surf Qccasionally encountered 
outside the Bay. 
To complete each monthly sufrwvey in a minimum of time. "on station ll 
activities were developed. Data:were taken at each station at 0, 5. 
and 10 m. and at the bottom. At arrival on station the in situ 
--
temperature/salinity and temperature/oJeygen probes were placed in the 
water for temperature equalization. A cast was then made to obtain the 
three sea water samples. and the time. wind speed and direction were 
recorded. Last. the oJeygen probe was calibrated and casts of both 
ill ~ probes were completed. 
c. Summary of Measuranents and Data Reduction - Measuranents 
were taken from June 1, 1966 to June 31, 1967. with meteorological 
and sewage data gathered until December 31, 1967. A summary of the 
measurEments is shown in Figure~. The number above each bar indicates 
the run number. Solid bars indicate the duration of successful measure-
ments and cross hatched bars indicate incomplete daily measuranents. 
The number ofmeasuranents and the methods used to reduce the data were 
as follows: 
(1) Twenty-three buoy runs (maximum duration = 7.7 hours, 
minimum = 1.5 h~urs; average = 4.9 hours) were completed. The data 
were plotted and are shown in Maps 10 and 11. Calculations of the 
average velOCity for the buoy rups were then tabulated and used to 
oonstruct ourrent patterns. 
(2) Twelve monthly surveys were completed measuring the 
temperature. salinity,o:x;ygen, turbidity, phosphate. wind speed and 
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wind direotion. During the survey estimates of the surf were also 
reoorded. A total of 1816 water property values were taken with the 
In situ probes and 1536 sea water samples collected during the mon~ 
surveys. Combined wi thtl;le sewage.n ver runoff, diurnal surveys. and 
addi tional stations, the total· number of measurements taken' tor the 
water property distribution maps was 4564. The corrected In situ tem-
~ 
perature. salinity. and o:x;ygen valu.es along with the phosphate data. were' 
plotted on monthly maps of 0 m. 5 m and 10 m depths for the fifty .. one. 
stations in the B9.y. Isopleths were then drawn. These maps contributed 
to the establishment of the current patterns in the B9.y. In addition. 
data £rom a diurnal survey of 381 hours duration and five river and sewage 
. . 
outfall surveys were used to confinn the current patterns and to pro-
vide additional maps for theana.lysisof runoff and sewage distribution. 
(3} Forty-eight Ekman~erz current-meter stations were made 
at different times in the tidal oycles, providing 120 current velocities 
, 
and directions. These data are shown on :Haps 8 and 9. The results 
I 
were used to confinn current patterns and to provide additional vel~ 
oci ty values for the volume' transport analysis. 
, 
(4) The paddlewheel current-meter measurements were taken 
for a: total of thirty-siX days. The data were analyzed with three 
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camputer programs. The first program checked the continuity of the 
data by comparing the current di~ection and velocity values with the 
previous direction and velocity iralues from five minutes prior. If 
the values oompared within: 20% the data was considered correct. A 
second program calculated the direction and velocity values and 
generated a tape for plotting these values with a magnetic tape con. 
verter (LTE Model II), and Benson-Lehner LTE plotter. In addition, 
this program punched the computed direction and velocity values on 
data cards. A third program used these data cards to calculate the 
volume transports for each channel (Section 31(2)a). This analysis 
cambined with the Circulation patterns, current observations, tidal 
volumes, rainfall, runoff, evaporation and sewage data was used as the 
basiS for the volume transports analysis. 
(5) Twenty-three locations were chosen for the integrating 
current meters, providing 78 diagrams. These diagrams were cambined 
into the 23 stations shown in Map 7. The cumulative time at these 
locations totalled 290 days. 
(6) Daily rainfall measurements were obtained for the 395 
days of the study. Mokuoloe Islapd rainfall records were also ob-
tained back to 1954. Other rainfall and stream runoff. data were obtained 
fram 1919 to 1965 (Territorial Planning Board, 1939; U.S. Department 
of Commerce - Geological Survey, 1966; U.S. Department of Commerce -
Geological Survey, 1963 and 1965). 
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(7) The master tide gauge provided essentially uninterrupted 
records from August .5, 1966 to June 31, 1967- The secondary tide 
gauge was installed at (Map 1) the Marine Corps Air Station boathouse 
(51), the state dock at Kealohi Point (S2). the demolished Kahaluu 
dock (S3), and the partially demolished Waikane Pier (S4), This gauge 
ceased to operate reliably after April 29. 1967. The tide-gauge data 
were used in two analyses, calculation of the volume transports and 
computation of the theoretical free oscillations. All reference data 
for calculations were taken fromi the master tide gauge at MokUoloe 
Island since this gauge was mounted adjacent to a bench mark. Data 
from the secondary tide gauge wel"e then referred to the master gauge. 
Two of the four secondary locations were also established adjacent to 
bench marks separated from the m~ster bench mark by approximately 
2480 m (S2) and 27.50 m (51). The tidal records showing free oscillations 
in the Bay gave the amplitude variations used in calculating the 
theoretical free oscillations. A computer program was written for this 
calculation using these data inputs (Section ,D(3»). 
(8) Meteorological data were collected from June 6, 1966 
to December 31, 1967, and provided 1264 readings of six meteorological 
variables; air temperature, wet bulb temperature, cloud cover, pressure. 
wind velocity and wind direction. The data were taken .5 days per week 
at 3 readings per day (0700, 1200, and 1800 hours) and were used in two 
computer programs written for the heat budget analysis. With daily 
surface-water temperatures, the heat-budget programs calculated and 
tabulated daily and monthly values. The deviations from the monthly 
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heat budget were also calculated using the monthly surface-water 
temperature variations throughout the Bay. These heat budget variations 
were then mapped and are discussed in Section 3J(S). 
(9) Wave measurements were taken once each month, with ad-
ditional measurements taken during the month of April. 
(10) Three estuary and river surveys were completed during 
different rainfall periods. Only the Keaahala and Kaneohe streams off 
the southeast basin were monitored any appreciable distance up the 
streams, since only these two streams allowed access by the boat. On 
these surveys;, temperature, salinity, oxygen and phosphate measure-
ments were taken. 
(11) One diurnal survey on March :3 to 4, 1967, was completed. 
During this run, data were taken at ten selected stations for thirty-
six hours (through five tidal changes). Temperature, salinity. oxygen, 
and phosphate measurements wer~obtained at each station at l-hour 
intervals. These data were plotted for each station and are discussed 
in Sections H(l)d and H(S)e. 
(12) During the thirteen months of the study. the total boat 
time logged was 719 hours. 
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J. RESULTS AND DISCUSSION 
A. Bathymetry 
(1) General - The bathymetry of Kaneohe Bay is a major 
factor governing the hydrographic conditions present in the Bay. The 
wide variety and number of enVirOl1ments or unique bathymetric features 
in any area vary substantially within the Bay depending upon location. 
It is important, therefore, that an understanding of this distribution 
be obtained initially. 
(2) Bay Location and Size - The Bay is located on the north-
east coast of Oahu (Map 1) from 210 25 1 N, 1570 46 1 W to 210 311 Nt 
1570 51 1 W. The length of the Bay, parallel to the coastline of the 
Island of Oahu. is 12,720 m (6.86 nm) and the width. orthogonal to the 
coastline, is 4260 m (2.3 nm). The surface area of the Bay at mean sea 
72' 2 level (msl) is 4.596 x 10 m (13.39 nm or 11,360 acres). This area is 
distributed over an elongated oval shape with 2/3 of one long side open 
to the ocean and with a length-to~width ratio of approximately 4:1. 
\ 
(3) Description of the Bay - The opening fram the Bay to 
the ocean is limited by an extensive barrier of sand, shoal reefs, 
and coral rubble (Figure 4). Flow to and from the Bay is over a large 
reef located at the center of the entrance, through a shallow channel 
southeast of this large reef, through a deep dredged channel northwest 
of this large reef, and over smaller shoreline shoal reefs. The two 
channels are parallel, separated b.Y 6080 m(3-3 nm), and directed 
straight into the Bay. 
If the entire Bay is considered, two distinct areas are evident. 
These are an inshore portion, comprising 66% of the total Bay area, and 
an offshore portion, with the balance of 34%. The inshorEl portion is 
deeper (6.2 m average depth), and is characterized by nunierous isolated 
v irregular coral patches rising to within less than a meter of the surface. 
This portion contains a lO.to 15-m deep dredged channel running the 
length of the Bay. The irregular coral patches are usUally separated 
by smaller channels which are 9 to 15 m deep. This inshore portion 
contains the greatest depth (19 m) found in the Pay. which is shown on 
Hap 1 as "DP". Both the surface area and the mean depth in this 
inshore portion gradually decrease toward the northwest. while the 
number of shallow coral patches increases. The bottom is predominately 
coral rubble, gray coral muds, and fine coral sands. Close to the 
shoreline, particularly near stream mouths, fine brown silts and clays 
" 
are found. The shoreline shoal reefs and the reefs scattered through-
out this portion usually tenninate with steep coral faces. dropping 
to the deeper channels. 
The offshore portion of the Pay (34% of the total area, 1.8 m 
average depth) consists alruostentirely of an extensive shallow coral 
and sand reef. In the large central portion, live coral, small coral 
rubble, coarse coral sand, and volcanic rock are found. In the south-
east channel, crOSSing this offshore portion, larger coral rubble 
predominates. In the northwest channel, which also crosses this 
offshore portion, large amounts of coarse sand are found which are 
actively being transported into ~Jle channel. This sand movement from 
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the reefs ad jac.ent. to the northwe~t channel 'Was observed over an 86-day 
~ 
period. JJuring this time, a marker attaohed to a o oral head in this 
,area showed sand was transported into the ohannel frau the adjacent 
reefs, accumulating a layer 25 ClIl ,thick. 
(4) Descript~op otthe Southea.pt ~sin - The southeast 
end of the Ihy ~ontains a m.oderately isolated basin (Figure 4). This .. 
appro:x::i.ma teJ.y square basin encloses 19. 9% of the total surface area. 
and 27.4% of the total volume of the lay. The basin reoeives ef-
fluents from two sewage outtalls and runoff from three streams plus 
, ,I, 
the shoreline. This shoreline is the major populated area adjacent 
to the Bay. The basin is bordered' with numerous reefs. most ot which 
are covered with fine sediments from stream and shoreline rUnoff. The 
oentral area of the basin is essentially tree ot soa ttered shallow 
, 
coral patches. The few small oentral reefs and some of the shoreline 
. reefs have been dredged to 4-10 III depth. 
Sediments in the basin vary, considerably. Adjacent to the 
stream mouths, fine brown sands ana olays are, found. Around the sewer 
outfalls (shown as Sewer 1 and Sewer 2 on Map 1), the sediments 
ohange to fine gray clays and coral muds. In the oenter of the 
basin and in the ohannels connecting the basin to the rai:ta.ining 
portion of the Bay, ooral sands and some coral rubble predallinate. 
.' I ".,..,:. 
.31 
B. HYpsographic Analysis 
(1) General - The purpose of the hypsographic analysis was 
to determine the volume of the Bay and the distribution of depth in 
the fuy. 'rhese results. along with tidal observations, were used in the 
subsequent sections on Circulation, volume transports, stratifioation 
and se\-J"age distribution. 
(2) Hethod of Analysis - The analysis was performed by 
sectioning the coast and geodeti~ surva.Y chart No. 41.34 of Kaneohe Bay 
.' 
into a grid pattern of five-second squares, each 6.91 x 104 m2 in size 
(Map 1 - Area vs. Depth Grid). A summation was then taken of the average 
depth in each of the 2541 squares. Combining the results of this mean 
lower low water summation, the results of similar summations for msl 
and mean higher high water, and the tidal observations, Figures 5, 6 
and 10, were constructed. 
A second grid pattern for the Bay was also established. With 
this smaller grid (4.0 x 104 m2 per square). an area computation was 
performed for the 76 and .38 vertical cross-sections of the length 
and width of the Bay. The water surface areas between these 76 and .38 
vertical cross-sections were also calculated. All of the results were 
then plotted (Figures 7 and 8) and are used to illustrate the bathymet-
ric restrictions to flow across the length and width of the Bay. The 
surface and vertical cross.sectional areas were also required for 
the calcula. tion of theoretical oscillations in the Pay. (Section 3D (J) ). 
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(3) Analysis Results 
a. Bay in General 
1) Distr~~~~ion of Depth - The distribution of 
depth in the Bay is shown in Figure 5. The results show two predOl11-
inant depth ranges of 0 .. 3 m and 11-15 mt with the shallower range 
accounting for the majority of the depth distribution in the Bay. The 
most frequent depth of 0.5 m (15.6%) is indicative of the large number 
of shallow reefs in the Bay. The increase in the frequency of 
occurrence of the 3.3 m. 6.5 m, and 9 m depths (10, 20, and 30 feet) 
is probably due to the dredging in the Eay. The second most frequent 
depth range is 11-1.5 m (J5-49 feet). The increased occurrence of this 
depth range is due to the deeper areas in the inshore portion of the 
Bay and in the southeast basin. 
2) Distributipn of Areas vs. DeRth - The results 
of the hypsographic analysis are shown in Figure 6. The two curves 
represent two possible entrance boundaries. shown on Map 1 as an 
inner and an outer boundary. The hypsographic analysis was completed 
for both boundary l~iLits since each repres~!ts a different div~sion 
line between the Bay and the ocean. The outer boundary is dra.wn across 
the outermost points of land. The inner boundary is the approximate 
line where the entrance reefs begin. The circulation patterns that 
. '! 
were later found in the Bay indicate that the inner boundary line is 
the preferable Bay-ocean boundary_ However. the analysis results for 
both boundary lines are given in Table I. 
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If only the inner boundary line is considered, 50% of the total 
area of the fuy is shallower t~:n 3.3 m (10 feet). Except for 4% 
distributed between 12.5 to 18 ill (49 to 60 feet), the ranainder of 
the Bay area is uniformly distributed over 3 to 12.5 m depth. The 
deeper inshore portion of the fuy is shown in the Figure as the in-
crease in percent of fuy area distributed from 12.5 to 15 m (40 to 50 
feet). 
3) Effects of the Area and Depth Dkstribution -
A number of points are evident from the tabulated results given in 
. Table I. First, the percentage of the fuy exposed during the maximum 
recorded tidal change of 112 em (61 em below msl) is 15.6%. This 
considerable amount is due to the extensive areas in the fuy less than 
one meter deep. Water movements in and out of the Bay must flow 
around these shallow areas during the tidal change. Second, the volume 
exchanged during this 112-em tidal drop was one-fifth of the total 
volume of the fuy. The locations in the .fuy where this water is ex.-
changed are not uniformly distributed. The exchange is mostly limited 
to the upper 3-m layer because of the bathymetry. Since this layer 
includes the water from the shallow areas, the influence of diurnal 
heating during the summer on the reefs can be substantial. 
Table I shows the effect on the ~ of extremely heav,y rains and 
runoff. During the 1964/65 floods an estimated volume of 1350 x 106 
gallons emptied into the .fuy during a 24-hour period. Therefore, 
during a 6 .. hour tidal exchange, approximately 12.3 x 106 m3 of fresh 
water were added to the Bay. This corresponded to 4.8~of the total 
volume of the Bay (inner boundary). In effect, this is a. layer of 
fresh water, 27 ,dill deep over the entire &.y. If the period of heaviest 
runoff.'corresponded with a low tide, thell! Figures 6 and 1.0 show that 
a minimum of 8.4% of the shallow iareas in the Bay were covered' wi th 
freshwater. This amounts to 54~ of the shallow reefs in the Bay. 
Thus, during periods of very heavy runoff combined wi. th low tides, a 
considerable amount of the cOl'"al in the BaYllUlybe,floodeq with fresh 
or very low salinity water. 
b. SouthMs;t.Iasin . - The average depth of the south .. 
east basin is 1.4tilrles greater~him the rauainder of the Bay. ' A 
~ . : . .' ·· 6 .. ·•·. '. . . . 6 tidal additicmof one meter (from mllw) adds 9.18 x lQm)(2428 x 1.0 
gal) to the basin. Thisl-m 'tidal ch~ge adds 13·.0% tothebasinls 
total volume compared to 17.3% for the total Eay..The sewa.ge'V'ol~es 
given in Table I haVe also been compared to the total southeast basin 
volume; The results show the pr~sent sewage contribution . (.0 • .01%)' is 
o~parativeJ.y low. The weak oiroulation into and out of the basin 
eaoh day, however t establishes the amount of this . sewage rE!l11ovedby 
natural flushing. This subject isooveredin detail in Section 3" .(4). 
(4) . Cross .. SeotioQAl Areas 
l 
a" Length of." the :&y . - Figure 7 shows the results of 
the area calculations previously' disoussedin Seotion ,.8(2) for the 78 
vertical sections aoross the . Bay. The upper half.' of the Figure . shows 
the dm8trib~tion of surface area between the vertical sect;ions. The 
j 
areas of the vertical cross-sect:.ons are shown in the lower half of 
the Figure. This lower curve illustrates two important facts. The' 
first is that the mean depth decreases toward the northwest end of 
the Bay. The second is that an ~;rregular depth d~stribution exists 
I 
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along the length of the Bay due io the numerous coral patches aligned 
normal to the entrance of the B9.y. In, the width calculation (Figure 8) 
these coral patches appear more evenly distributed across the width 
of the Bay and thus depth irregularities are not as evidEtflt.The Bay, 
therefore. has natural barn,ers crossing its length. These natural' 
. ," '. ., . 
barriers affect both the circulation and the damping 'of oscillations in 
, , 
the Bay. These barriers are located approximately al~ng the lines 
• • r'" i 
between Stations 16 to 51. 23 to 40. 25 to 38, and 35 to 28 (Map 1). 
b. Width of the Bay;" Figure 8,' shows a uniform dis-
tribution for the area of the 38 ~erticai cross-sections along the Bay. 
The shallow shoreline reefs. the steep dropoff to the deep inshore 
portion o~ the Bay, and the larg~ entrance reef are very evident in 
the Figure. The :iJnportantpoint' is that the results show the smallest 
vertical cross-section is located at Section 35 just inside of the 
inner boundary line. The most active circulation. therefore. would 
be expected in this area. 
c. Tides 
(1) General - The, re~ults of the hypsographic analysis have 
, , I ' 
showntha t large areas of the Brt! can be exposed dttring the low tide. 
,,' This has an effect on thecircul;ation in the Bay. The volume of water 
" . ' 
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exohanged throughout the &y is, therefore, dependent upon both the 
height of the tide and the bathymeltry. Tidal measurements were taken 
to determine tbis volume of water exohanged. In addition, the ' 
analyses of allother data was related totheoharaot$%' ,of the tides. 
(2) T~dal Mea.sursentsand . Referenoe Level.B.!;lated to ijgnolulu 
MeasurEll'ients were oontinuedfor a total of 4U days (June 15. lIj66 to 
July 31.1967). The master tide gauge (Map 1) on Mokuoloe Island 
operated 350 days anda seoondary tide gauge (51. 52.S3 aid 54), 
moved periodioally, operated 3;0 days. Mean lower low water (mllw), 
mean higher high W1;1~er (mhhw), ajnd mea.nseal level (mal) for the Eay 
were determined f'raT1 these tide records. 
The mean tidal heightwa~.-ealoulated for the 350"day measurement 
r: 
period of the master tide gauge. A mal for theEay was obtaine(f~ 
ditriding this mean tidal height .into equal high and low tidal amplitudes. 
A mhhwand mllw were next detenuned from averages of the daily higher 
i 
high and lower low waters. The results of thisoomputation are given 
in Section )0(3). Similar averages for Honolulu tidal data were oan. 
puted and the results oompared to the results for the Bay. The 
measurement period of 350 days was not of suffioient length to deter.' 
mine the trt,te mal, mhhw or mllw for either looation. EUt it is a 
suffioient oomparison between the two stations for the duration of the 
study. The msl obtained for Honolulu and, Kaneohe Eay were equated 
as the basio referenoe datum. With this reference~stablished. the 
time of high and low tide and the tidal heights at the two locations 
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were then compared • Theseresul ts t discussed in Section ,:C( 4) II rep-
resent the relative difference. not the absolute difference, in tidal 
heights between the t:wo loca.tions. The intent of the oomparison was 
to determine if the' tidal differences between the two locations could 
ba' correlated with other parameters suoh as the wind velocity. 
(3) ~ides in the ~ - Figure 9 shows typieal eXRmples of 
the tidal curves obtained at four locations in the Bay during no wind. 
normal trade-wind, and strong trade-wind oonditions. 
a. Amp~tude - During the 4ll~day period of observa-
tions. the tides in the Bay varied from di'l;l.rna.l in character to pre-
dOll1inantly sEIll1diurnalo The mean tidal amplitudes I for 43.1 days t 
referred to the msl calculated for the Bay are +29 .. 8 am (lIIhhw) and 
.. 32.8 .~ (mllw). This is a mean tidal ohangeof 62.6 am/day.. Variation 
of this tidal ohange with the wind) is disoussed in Section 3'0(.5)e The 
m.a.:xim.um tidal ohange observed waa ;112 em. with a 61 am drop below the 
mal. 
b. Phgse - SupplEmentary to the master tide gauge 
on Mokuoloe Island. four locations were chosen for the secondary tide 
gauge. The minimum reoord;ng time at any of these stations was 29 days. 
f 
The measurements were taken in the order listed in the Table following. 
The table gives the tidal phase differenoe between Mokuoloe Island 
(reference station) and the four locations (Map 1). The phase lags 
, 
given for each location are an average of high and low tides: 
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Map Key LocatiOn Phase 
51 Kaneohe Marihe Corps Dook 
- 2.9 min 
M Mokuoloe Island o min 
52 Kealohi Point + .3.5 min 
5.3 Kahaluu Dock + 8 min 
54 Waikane Pier +12 min 
(4) Ef;tectsof theWiIl9J - Figure 10 shows the variations 
observed during a wide range of wind velocities. in the time and height 
, 
of the tide Bi.t ,Mokuoloe Island compared to the Honolulu tide. The 
curves for the high and low tide ,phase show the number of minutes by 
which the tide in the Bay preceeds ' the HOnolulu tide. The height curve· 
shows the mean ' inorease in the Mokuoloe Island daily tidal height 
over the Honolulu tide. The comparison was made throughout the year but 
only for trade-wind observations (windsfrOll1 .3500 to 1200 magnetict. 
The Figure shows the time of high and low tide in the Bay preceeds 
the HenOlul, U tide by 73 to 93 MinU, tes, iter trade-wind Velo.oitie,S of 0 
to 2.3 knots. The difference in the mb daily tidal height between 
Honolulu and Mokuoloe Island for this range of wind velocities varies 
I 
from +.3 to +8.5 cm. 
It is evident from these results that the mean daily tidal height 
in the Bay is always greater than IHonolulu t remaining at l!9ast J em 
greater than Honolulu even during ,call11 conditions. This +.3 em dif-
ference in the tidal height is due to the bathymetry of Kaneohe Bay. 
Differences greater than +.3 em be'tiweenthe JIlean daily tidal height at 
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the two locations is due to the added effect of the wind. 
Figure 10 also. shows thatlilTinds above 12 knots essentially do not 
continue to increase the tidal height difference between Honolulu and 
Mokuoloe Island. Winds below 6.;.5 knots have the same effect on the 
.amount of time the MokuoloeISland high and low tides preceed the 
Honolulu high and low tides. Winds above 6 • .5 knots, however, tend to 
increase the amount of time the Mokuoloe Island high tidepreeeeds the 
Honolulu high tide. 
The tide tables (U.S. Dept.of Commerce. 1966-1967) list the fol-
lOwing times of high and low waters for Waikane and 11okuoloe Island 
(Honolulu Reference): 
(UKey" refers to the locations shown on Map 1) 
Key Loeat:l,on 
S4 Waikane. 
J:.I Mokuoloe 
Tide 
high 
low 
high 
low 
Phase. 
.. 1 hr. 
-1 hr, 
-1 hr, 
-1 hr. 
48 min 
21 min 
26 min 
17 min. 
Tidal Height Difference 
+7.6 em 
+.5.1 ern 
l'he mean phases for high and low tide from these tabies forWaikane 
.. 
\ 
and Mokuoloe Islan.d are -1 hr t )4~.5 min and -1 hr, 21 • .5 min respecti ve..ly. 
Subtracting these values, a phase difference of +13 minutes between 
the two locations is found. Comparatively, observations give a mean 
difference between Waikane and Mokuoloe Island of +12 minutes (Section 
3C(3)b). 
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Figure 10 shows that the mean daily height and phase of the tides 
in the Eay are subject to variations due to the wind. The mean yearly 
'Vlind velocity Has 9.8 knots which corresponds to the following values, 
obtained from Figure 10, for the tidal phase and height difference at 
1l1okuo10e Island (referred to a zero Honolulu tidal phase and height): 
Tide 
-
Phase Tidal Height Difference 
high -1 hr, 24 min 
+7·0 em 
low -1 hr, 23 min 
mean = -1 hr, 23.5 min 
The mean of the high and low tide phase values agrees reasonably well 
with the mean value from tide tables. The observed tidal height dif-
ference. however, was greater than the +5.1 em given qy the tide tables. 
Kona winds (from 1500 to 2400 magnetic) have the effect of decreasing 
the tidal height difference bet¥een Honolulu and Mokuoloe Island. 
During the longest period observed of steady Kona winds (April 18-20. 
1967) the time of high and low tide in the Bay preceeded the Honolulu 
tide by 73 to 80 minutes as compared with 73 to 93 minutes for the 
trade-winds observation given in Figure 10. During these two days in 
April the tidal height difference between the two locations dropped to 
+].2 em. These results seem to indicate that during prolonged periods 
of strong Kona winds the mean tidal height in the Bay may become equal 
to or less than that of Honolulu. 
Tidal Exchange Volumes - The two curves in Figure 11 , 
indicate the decrease in water surface area of the Bay during tidal 
\ 
41 
changes and' the subsequent volumes exchanged. The Figure shows the 
mean diurnal ,tidal change of 62.6 em is equivalent to an exchange trans-
o "Dp qi" 6, , . 
port of 3.5.1 x 10 m3• Similarly, the maximum tidal change observed of 
50I} 
112 em is equivalent. to a transport of 50.0 x 106 mJ . Figure 10 shows 
that the wind can cause an accumulation of as much as 5.5 em (8.5 minus 
3 cm) over the astronomically predicted tidal height. If the mean 
value of 8.7 knots for the trade-'winds observed during 1966-1967 is 
considered, Figure 10 indicates 3.6 em of the 62.6 em mean tidal height 
Can be attributed to wind. Thil) is 6% of the daily tidal height. 
During Kona wind conditions, the amount of the tidal height attributed 
to the wind drops to approximately 1%. 
D. Oscillations 
(1) General- An unexpectedly large number of free oscilla-
tions of various periods were found in analysing the tidal records for 
the Pay, and an investigation of these oscillations became necessary 
to determine their contribution to current velocities. The theoretical 
periods of oscillation were computed and compared to observations to 
determine the modes of free oscillation. With these modes known, the 
contribution to the current velocities were then calculated. 
(2) Observed Free Oscillations - Free oscillations in the 
Pay were most evident at the turn of the tide. The heights of these 
oscillations were as large as 6 em with the heights generally ranging 
from 1 to 4 em. The largest number of oscillations, with heights 
greater than 1 em, occurred in August (142). The least number of 
42 
free osoillations was reoorded in Ootober (.72). An average of B9 free 
osoillations. with a height greater than 1 OII1,werereoorded eaohmonth. 
A free .oso1llation frequently corresponded with the time of high tide 
and had the apparent effeot of lowering the high tide amplitud~. ,Onoe· 
established t the free osoillations oontinued for generally 4 to 8 hours. 
beooming too small to distinguish on the tide records after this duration. 
Figure 12 shows examples of ~ee osoillations found in the Bay. 
Tidalreoords obtained on January .5 and 6. 1967. from both tide gauges 
looated at opposite ends of the Bay (BS5511l separation) showed an 
eleven-hour period with nUDlerous pronounoed osoillations. They are 
typioal of similar sea level disturbanoes reoordedat other times. 
The osoillations observed were generally rapidlY dampecl; damping is 
disoussed in Section :;·D(7). 
Figure 13 shows a summary of the observed free osoillations as 
a funotion of period. The sUlIlIIlaryoonsid ered onlyosoilla tions with 
f 
heights greater than 1 om or perlods longer than 20 minutes sinoe this 
~.; 
was the limit of resolution on the tidal records. Three predominant 
free osoillation periods are evidEtnt. They are 62, 84 and lOB minutes. 
with osoillations of 84 minutes 'I;leing the lIlost frequent. 
(3) Cal0ula.tiono.the Theoretical Periods ,01' Free OSCilla-
tions .. 
The various theories of seiohes contend that the free osoillations re-
suIting from an initial disturbanoe of a basin have periods determined 
by the horizontal dimenSions and depth of the basin. GenerallY. the 
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equation of horizontal motion (olle dimension) and the equation of 
continuity are used to obtain expressions for calculating free oscilla-
tion periods.· With the assumption that the water depth is small cam-., 
. . 
' ~ 
pared to the wave-length of the oscillation. the vertioal accelerations 
are neglected. As a result, .the horizontal velocity is just a function 
of the horizontal position ( X ) and time ( t ). The equations of 
motion and oontinuity are then simplified. The resulting equations 
. . 
using the surface elevation ('1 ), the hori,zontal displac6I1ent (~ ) f 
gravi ty ( 9 ). horizontal position ( X ), the variable width ot the 
surfaoe at eaoh cross-seoti,on ( 1,(1',). variable cross.section area at 
position X (SOiJ) , and time ( t, ), are: 
D3-l 
The solution of these two equations is then obtained, and the result is 
integrated stepwise by a finite-differenoe-method to obtain ,the periods 
of free oscillations. 
The above method of approach. using Equations D3-lt has been used as 
the basis for thiS analysis. The oonfiguration of the Bay. however. is 
not that of a symmetrically shaped body of water. Therefore, oonsidera-
tion was initially given, throU.gh the use of a method proposed by Neum.a.nn 
(Neumann, 1944), to the effeot of~he Bay's shape in changing; thetheore-
. . 
tioal periods. Neumann's method u'sesimpedanoe theory tram osoillating 
systems applied to oscillating water masses. COII1bined basin oonfigura-
tions are handled like electrioal resistanoes in cOIl1putingthe change 
of the periods of free osoillations. The configuration of Kaneohe &y 
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was approximated by an extended rec;tangular inner basin oonneoted to 
the sea by a reotangular channel toward each end. The bay was divided 
into two "Y" shaped branohes. on~ branoh being ot£the southeast 
channel and one ott thenortnwest channel. Computations were then 
completed tor each halt ot the Bay with the division being. at Station 40 
(Map 1). The results indioated that the oorreotion due to the shape 
of the Bay was negligible; theretore, the analysis was oontinued .with 
just Equations D3-1. I 
.. 
. A nUlllber ot oomplete theoretioal approaohes to the oalculation ot 
seiohes with equations D3-1 have been used. The method used here 
is from Detant (1918) with a oorreotion fran Proudman (1925) included 
to compensate tor the Bay opening to the ooean. Detantts method was 
ohosen becausei t allows a nu:merical integration by finite ditferences 
with any basin shape. is acourate.and provides a means tor caloulation 
ot the horizontal ourrent velooities. Detant obtained solutions to. the 
equa tions ot motion and oontinui ty (D3-l) by assUllling ~ and "\ to be . 
periodio funotions: 
D3-2 ~.:IIP ~oC)()cos(~t~~) ,and 
where: 
~o= horizontal displacement amplitude 
~~ = vertical displacement amplitude 
r = period 
e =phaseditterenoe 
Substituting these expressions into equations D3-l. considerjJ1g only 
small variations along the distance X between cross-sections and small 
vertical (A ~ ) and horizontal ( Il. ~ ) displacements » gives the follow-
ing expressions: 
DJ-J 
These expressions take the following form for computation purposes 
(Defant. 1961; p. 166): 
D3-4 ~I + fa. ~l :: ttl + 0( 2. . 
vertical displacement at the second 
cross-section 
where: 
D3-5 
D3-6 ~1= - $2.(1 :~) [ ttl + (,,\, + 0( f-) Va. J 
4 SL horizontal displacement at the second 
cross-section 
where: 
DJ-7 
Note; SAl = area of the N D! cross-section 
V", == area of the surface between sections Nand "1-+' 
Calculation of the periods of free oscillation was accomplished 
with a computer program using the 76 and 38 vertical cross-sections of 
the Bay and the expressions DJ-~ to DJ-7. Successive substitutions in 
the equations (from cross-section 1 to 2) led to a Taylor Series linear 
numerical integration across the Bay. The assumption was made that the 
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second order terms in the series expansion could be neglected because 
of the close spacing of the vertical cross.sections. The theoretical 
resul ts were then corrected for the fuy opening to the ocean by mul tiply-
ing the results by a Proudman correction factor of e == 1.098. The com-
putation was started with an app,roXimate period for a free oscillation 
in the Pay obtained with the fol:lowing equation and an estimate of the 
average depth of the Bay: 
DJ-8 T = 2 L 
~Jih 
where: 
L == oscillation length (M) 
K== positive node number (1 to 5) 
h == mean depth of the basin (M) 
9 == gravity (m/sec2) 
The boundary conditions for a free oscillation along the length of the 
Bay were that the horizontal displacanent, A ~, equals zero at each end 
of the Bay (X=qL.); for the width of the Bay A ~:o along the shoreline 
and· a node is at the mouth of the &y. Next an initial value for 
was obtained from equations DJ-8 and DJ-5. An iteration process across 
the 1:by was then completed using equations D3-4, D3-6 and DJ-7. The 
process was repeated with a corrected periodT, until the boundary con-
ditions were met. The process was continued to obtain the period of 
free oscillations with up to 5 nodes. Last, the contribution to current 
velocities at each cross-section were calculated with the correct period 
for each mode of oscillation and with the following expression: 
DJ-9 U l:r _2TTr tcos[ ~T (t + ~ ) -€] 
The computation results are given in Table II and the theoretical 
oscillations along the length and width of the Bay, with up to 5 nodes, 
are shown in Figures 14 and 15 respectively. 
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(4) Comparison of Theoretical and Observed Free Oscillations 
The comparison shown in Table II between the theoretical and observed 
results indicates a predominance of free osoillations along the length 
of the Bay with 1 and 2 nodest and across the width of the Bay with 
1 node. The observed periods for oscillations with 1 and 2 nodes agree 
well with the theoretical results. The formation of arnphidromic points 
in the Bay from these oscillations is doubtful since both the max:i.nlum 
theoretical period (115.2 minutes) and max:i.nlum observed period (108 
minutes) are considerably shorter than the coriolis period for the Bay 
(1968 minutes at the center of the Bay). 
(5) Correlation of the Free Oscillations - The tidal data 
were investigated with respect to the free oscillations and a summary 
was made of the number and height of recorded oscillations. The results 
of this sUllllnary are plotted in Figure 16 along with the monthly preCip-
itation, the number of rain squalls and pressure variations each month. 
and the monthly wind velocity and variation. The wind, rain squalls, 
and pressure data was obtained from the Kaneohe Marine Corps Weather 
Station. The preCipitation and tidal data was obtained at Mokuoloe Island. 
a. ~ - The upper half of Figure 16 shows a negative 
correlation exists between the average monthly wind speed and the number 
of oscillations recorded each month. Strong winds, consistent in dir-
ection, appear to effectively reduce the number of oscillations in the 
Bay. However, the release of water held toward a leeward shore through 
the lapse of strong onshore winds, or the pressure fluctuations on the 
water surface from wind gusts may have reSulted in oscillations. 
b. Precipitation - The lower half of Figure 16 shows 
that a positivecorre1ation existt between the monthly number of rain 
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squalls less than 15 minutes in duration and the number of oscillations 
recorded. During August and April. the nUlllber of Short-period orographic 
rain squalls was high. 
c. Pressure Variations - The arrival of'ia stor,m brought 
a sudden pressure anomaly which, combined with impulses from the rain 
. . 
squalls and runoff along the shoreline. were responsible for es1;.ablishing 
, 
most of the oscillations in the :&y. The oscillations shown in 
Figure 11. for example, were recorded during a period of decreasing 
winds following a very heavy 20 minute rain squall ending at 2:3:00 
hours on January 5, 1967. These oscillatItonswere the result of a 
rapid pressure change, rain squall. and the subsequent runoff. In 
November. the amount of rainfall was high, but was due to consistent 
storms remaining in. the area. Thus. the number of rapid pressure 
changes from short-duration squalls was small. 
d. Tides - All of the observed oscillations could not 
be attributed to impulses from orographic sqUalls and corresponding 
pressure changes. The frequent occurrence of a free oscillation at 
the time of a high tide, having the period ot a single node (width) 
oscillation, is one such example. These oscillations may be caused 
directly by the incoming (or outgoing) tide. Other oscillations could 
not be correlated with either the arrival of squalls or a tidal change. 
These oscillations may be due to the'arrival of barotropic waves from 
distant disturbances. 
(6) Contribution to Currents - The currents resulting from 
the combined horizontal displacements of theoretical oscillations with 
1 and 2 nodes are shoi'm in Figure 17. The figure indicates currents 
range from 0 to 4.5 em/sec for oscillations of 1 and 2 nodes. The 
maximum estimated current velOCity vras 6.7 em/sec for an osoillation 
with 3 nodes. The results show the currents from free oscillations are 
generally low in the middle of the Bay (Stations 45 to 34), ranging 
from 1.9 to 3.9 em/sec. The locations of the maximum current activity 
from oscillations along the length of the Eay (Map 1) are at Stations 
51 and 14 (4.0 em/sec) and around Stations 29 and 32 (6.7 em/sec). 
Free oscillations across the width of the Bay result in a.maximum 
current contribution of 3 em/sec on the reefs along the Bay shoreline. 
I 
Compared to the current velocities resulting from the tidal flow and 
the wind, the currents from oscillations are weak at all but these few 
locations. 
(7) Oscillation Decays - The tidal records from January 5 
and 6, 1967 (Figure 12) were used to determine the rate of decay of 
free oscillations in the Bay. Figure 12 shows the initial oscillation 
was recorded at 2200 hours on January 5, 1967; 30 minutes after the 
peak of the incoming tide. Its period indicates it probably was a uni-
nodal, (high amplitude - 7.8 em_ free oscillation across the width of 
the fuy. Using an enlarged graph It£' the tidal curve from January 5 
and 6, 1967, an analysis of the decrease in oscillation height over 
the eleven hours of observations showed that the free oscillation 
decayed logarithmically. The decay in 6 hours (one tidal Change) 
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resulted in an amplitude decrease from 7.8 to 3.1 em, and in 12 hours 
from 7.8 to 1.5 em. This corr~sponds to a rate of decay represented 
I 
by the follovung emperical equation: 
D7-1 H :: H e -0,00;2,2. t 
o 
vrhere: 
H::: oscillation height at time t 
11 ::: initial oscillation height 
o . 
t ::: time frorn the initial oscillation (minutes) 
It is noted that oscillation decays with logarithmic decrements of 
15-310 x 10 ... 3 (successive amplitude decrease of 0.3 .. 48%) have been 
found (Endros, 1934). On this basis the observed oscillation decay, ,·6th 
a logarithmic decrement of 130 x 10-3 (successive amplitude decrease of 
20%) is similar to the higher decay rates noted by Endros for shallow 
baSins or basins composed of areas connected by narrow channels~ 
E. Currents 
(1) General - Circulation establishes the volume of water 
transported, the rate of sewage dissipation, the heat distribution, 
and the stratification in the aty. Due to the combined effects of the 
'Hinds, tides, and bathymetry, a different circulation pattern exists 
for an incoming and an outgoing tide. Extensive current observations 
were taken using a number of different methods to determine these 
circulation patterns. 
(2) Neasurement Method s - Measurements were mad e on days 
with different combinations at wind, rainfall, runoff, and incoming or 
outgoing tides with different rates of tidal changes. Three methods 
were used. First. flow measurements were taken 'With Ekm.an-Merz t paddle,;. 
wheel t and integrating current meters. The results of these current 
meter observations are shown in Figure 18 and Maps 7. 8,. and 9. Second t 
path measurements were taken uSing drogue buoys and drift cards. The 
results of these observations are shown in Maps 10 and 11. Third, 
additional results were derived from the distribution of temperature, 
salinity, oxygen and phosphate in the lay and from visual observations. 
Since a la~ge amount of data were taken, the changes in the current 
patterns and velocity due to extrememeteorologica.l conditions were 
very evident. The current patteJ:"ns in the Eay were established by 
plotting all of the current observations'on six maps. three each for-an 
incoming and outgoing tide (0 m, 5 m and 10 m). The current directions 
and mean velocities at each depth were determined from these maps. 
The maps were then compared with the water property maps _ to smooth 
the observations of current directions into the patterns given in 
Maps 2 and 3. The Inean .and renge of current velocities observed at 
each station are given in Table III. Last. density computations were 
perfonnedfor a number of locations to substantiate the vertical 
movanent afwater at these locations. 
(3) Cu;rent . Patterns - Current patterns in the Ihyare 
very consistent and depend chieflY upon the tides and the wind. 
Modifications in the patterns occur from anomalous winds or runoff 
and from free OSCillations in the,Ihy, but these modifications are 
generally small. Two basic current patterns were evident after 
repeated curr:ent measurements. The rate of rise and fall of the incoming 
and outgoing tides during the study was as high as 18 em/hr. The wind 
conditions varied from calm. to moderate 8-knot Kona winds and to very 
strong 30-knot trade winds. The rainfall and subsequent runoff varied 
'. . ," 
from a' June l~ ot O. 87 in/month hnd 23.2 x 106 gal per day to .a 
.' ·6, 
Novanber high of 15.3 in/month and 96.3 x 10 gal per day. The fol-
!owingis a discussion of the current patterns believed to exist in 
the Bay during the above conditiorls.These patterns may vary somewhat 
from this mean picture t. but only ~uring prolonged periods of anomalous 
Winds or rainfall. 
(a) Incoming Tid e - (Ref. Map 2) 
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l)Ba;Z ~n General - Water proceeds toward the 
entrance of the Eay under the influence of the current running southeast 
. 00 
to northwest along the coastline, and the normal trade winds (010 - 070 
magnetic t 5-12 knots). At the entrance to the Eay (outer Boundary11ne) 
water enters the southeast channel in its entire depth of 0 to 8 m. The 
largest portion of water entering ,the Bay passes over the expansive cen-
tral reef situated along the entrance line and over the smaller reefs 
adjacent to each shoreline. This water flows over the reefs into the Bay 
from 0 to 1.5 m d'epth. The water below approximately 1.5m approaching 
the large central reef t turns to the north t flows along the entranoe, 
and enters the northwest end of the !ay at 2 to 7m depth. Water in the 
0-2 m layer also flows into the northwest end of the Bay during an in-
coming tide, but belOvl 7 m, -the ourrent in the northwest ohannel 
generally flows slowly out of the !ay. A strong trade wind velocity 
increases the flow into the Bay of the 0-2 m layer all along the entrance 
• j 
line. increases the now into the .Eay in the southwest ohannel at all 
depths. and increases the now ou~ of the &.y in the northwest channel 
below ? m. 
The flow out of the fay in the northwest channel during an1ncaning 
tide is probably due to an accumu1,.atioIi of water in the northwest end of 
the .Eay. This water would accum~Late fran the surface now into the fay 
; 
due to the trade wind stress. Thanow into the nor,thwest half of the 
Bay is supplied by three sources. The first is water that enters on each 
Side of Mokol:).i Island. This water news over a large shallow reef 
'. (Station 30) t increases in density-and joins a small eddy centered at 
Station 32. As atypical example. on July 20. 1966.the water nowing 
, . . . .. 0 
from Stations 28 and 29 toward Station 30inereased in temperature +0.40 C 
and in salinity +0.28 0/00 ; a d ensi ty increase of +0.8 x 10.4• As!this 
southward moving water passes Station 30 and leaves the large reef it 
joins the northwaI'd now of water moving past Station 32. This water can 
be followed back to Stations 28 and 29 (Map 12 andlS) completing a eoun-
ter.clookwise eddy. The second ~ource of water for the northwest half 
of the .Eay is water that enters through the large 730-m break in the 
entranoe reef at Station 27. On July 20. 1966. this water crossed the 
fay. decreased in temperature (.0.20°0) and salinity (.0.040/00). in-
creased in density (:*"0.4 x 10.4 ). and added to both the eddy at Station 
32 and to the deeper water at Station 35. The slightly denser water in 
the eddy'around Station 32 sinks slowly and proVides the water for the 
.! 
. . , 
'. . 
slow outn'oW' at the bottom of the northwest channel. The ,:water around 
Station 32 at 9 m depth on July ?O, 1966. was 25.6000 and 35.67 0/00 • 
The density of this water was grep.ter than any-"of the water at the 
> "! 
surrounding stati0!lS. The sinking motion at Station 32 can be observed 
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by following this high .salinity water from the flow off the reef 
(Station 30) north into the northw~st channel below 7 m. The small 
eddy flow .around Station 32 moves out during the outgoing tide to a 
position between Stations 28 and 33. The buoy runs (Map 11) shows this 
condition around Stations 28, 32 and 33. The eddy seEllls to increase in 
diameter and dissipate as the outnow in the northwest channel increases. 
The .third source of water for the northwest half of the lay is the 
flow across the large central reef from Station 23 toward Station 24. 
On July 20, 1966. this warm. high-salinity water dropped _1.36°0 
and -0.24 0/00 when leaving the r.eelf'. thereby increasing its density 
. .4 
+2.3 x 10 • This water sinks slowly in flowing toward Stations 35. 
36, 38 and 39. 
The water that enters the layover the large reef at the entrance 
divides into three branches upon leaving the reef. Integrating current 
meter observations (Map 7) show this condition& The density of this 
water, in passing over the reef. increases slightly. Density computa-
tions. plus salinity and oJeygen observations. show that this water sinks. 
slowly as it leaves the inshore edge of the reef. Figure 35. cross-
section 3. indicates this sinking as observed on July 18, 1966. This 
water from the reef combines with a portion of the innoW' in the south .. 
east channel and continues northwest close to the edge of the reef. The 
flow of water off the large reef at Station 46 seems to retard the north-
west movement of water entering the southwest channel. However. density 
and salinity observations show the heavier water leaving the large reef 
from Stations 41 to 42 contributes to a weak northwest flow. This 
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weak circulation flows from Station 42 to 41 to 24. remaining close 
to the 1'ee1'. This slow now to the northwest is balancecl by a deep 
.. flow below 3 m southeast along the sho1'eline reefs, from Stations 36 
to 40. op:posi te to the la1'ge ent:t"ance reef. 
The rema.ind er of the inflow from the southeast channel turns 
toward the southeast basin. This innow must supply the entire south 
end of the Bay. Cur1'ent observations (Maps 7, 8 and 10) show the now 
enters the southeast basin south and north of MOKuoloe Island at 
Stations .51 and 13 respectivelf. The now th:t'ough the narrow channel 
south of Mokuoloelsland reinforces a large counterclockwise eddy 
centered in the basin. This eddy is apparent in the integrating 
current meter observations (Map 7) and most of the water property 
'~ 
maps for the southeast basin. The now entering the basinno1'tho:t 
MOkuoloe Island is retarded due ~o the presel'lceot th.eopposing 
westward now from this large eddy. The slow now into the basin at 
Station 13 below 4 m. however. provides the majo1'ity of the Volume 
ente:t'ing the basin. This is because the cross-seotion of the channel 
at this location is approximately 16 times greater than the cross-section 
I 
at Station 51. Thetlowthrough the narrow channel south of Mokuoloe 
Island (Station .51) is strong but aocounts to;, only ll~ of the volume 
input. 
2) Southeast Basin ~ The inflow at Station 51 
from 2 to 13 m continues across the southeast basin and divides north 
and south at the east side oftpe basin (Station 7). The integrating 
current meter observations (Map 7) show this division of the flow at 
Station 8. This deep, eastwarcl movement across the basin apparently 
supplies the westward wind drift of the entire 0 to 2 m layer. This 
is probably accomplished by a slow upwelling along the reefs from 
Stations 5 to 9. This flow of surface water from Station 7 nor.m~lly 
diverts south, remains close to the shoreline, and results in a small 
cloclrnise eddy centered approXimately at Station 5. Stream runoff 
from the Keaahala and Kaneohe Streams (Station 4) turn this southwest 
flow along the shoreline back north and into the counterclockwise 
eddy around Station 8. The flow in this large eddy is approximately 
from Stations 9 to 13, south along Mokuoloe Island past Stations 1 and 
2 and back toward Station 7. Figures 30 and 32 along with Map 7 
illustrate these flows which are combined into the integrated flow 
pattern on Map 2. 
During weak trade wind conditions, a surface inflow to the basin 
was observed at Stations 51 and 13. This flow directly joined the 
counterclockwise eddy (Map 12). The eddy patterns are clearly evident 
on the surface during such conditions. During strong trade winds the 
surface flow follows the wind direction across the basin and the eddy is 
not as apparent (Map 60). In turn, the deeper flows into the basin 
at Stations 13, 14 and 15 are intensified. During all wind conditions. 
same surface flow into the bas~n was always apparent along the north 
shore of the basin from Stations 15 to 12, (Map 60). This flow generally 
remained close to the shoreline from Stations 15 to 12 and 11. later 
turning south to join the eddy flow in the basin. 
b. Outgoipg Tide~(Map 3) 
1) Bay in General ~ During an outgoing tide and 
nomal trade winds much of the deep circulation below 5 m remained 
similar to the Circulation for an incoming tide. The most obvious 
difference was the now in the northwest and southeast channels. 
which changed to a strong outgoing current (Figure 18). The volume of 
water leaving the northwest end of the ~around Station 27 also 
increased substantially (Map 7). As previously noted. the small eddy 
at Station 32 was enlarged by the outflow from the areas around Stations 
32, 33. 34 and 35. This eddy apparentlY moves toward Stations 34 and 
28 (Map 11) and later dissipates. 
Much of the water flowing in over the entrance reefs due to the 
wind and surf still present during an outgoing tide is di.verted northwest 
or southeast (Map 7). This water ~oinsthewater flowing out of the Bay 
, 
near Stations 25. 27, 46 and 18. Outno'Ws from the channels cause the)', 
formation of four large eddies of low velocity at the Bay entrance 
(Map 11). These eddies were not always apparent. but were observed 
particularly during calm conditions. The centers of these eddies are 
approximately at Kekepa Island, midway between Stations 21 and 22. 
. . ~ . 
midway between Stations 22 a~ 27 t and a t Mokolii Island.. Part of the 
flow in these eddies recirculates into the Bay during the outgoing tide 
by returning over the reefs. Thus the outfiow around the entrance can 
become substantial. as is shown in Ma.p 7. The d ensi ty of the wa tar 
leaving the Bay is frequently greater than the open ocean water and 
it can sink slowly near the entrafce to each channel. The high 
58 
salinity water, generally found at 10 m around the channel entrancee 
during an outgoing tid et can be observed nowing out of the lay (Map 
9). The now from the southeast channel can follow a depression in 
the bottom that starts at Station 21 and leads to a canyon appro:x:i.mately 
1000 m further out. The volume transport analysis OF) indicated that 
the subsurface outflow from the two channels accounts for about 3/4 
of the water leaving the Bay during the outgoing tide. The remaining 
1/4 of the water leaving the Lay is surface water that must slowly 
leave the eddieS at the Bay entrance and proceed northwest along the 
coast of Oahu. 
During weak trade wind condltions the surface outnow i'rom. the 
inshore portion of the Bay divided at Station 40 and nowed toward 
each channel. This station is located at the narrowest width of the 
deep . inshore portion of the Bay. During strong trad e wind conditions 
the direction of the surface flow was determined by the wind direction 
which is generally toward the shoreline. The paddlewheel observations 
indicated theoutnow increased in the channels at the 3-5:rtl depth 
during strong trade winds- These, J6·days of continuous observations 
also showed that a surface now out of the Pay in the southeast channel 
was always observed during an outgoing tide during strong trade winds. 
In contrast ,the now out of the Pay in the northwest channel remained 
below 3 m during strong trade winds. 
2) Southeast Eas;n - The now i'rom the south .. 
east baSin during an outgoing tide is predominantly in the surface 
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layer (0-) m). Most of this outflow leaves the basin through the 
channel north of Mokuoloe Island (Station 13). During the outgoing tide 
the location of the large eddy centered in the basin (Station 8) moves 
west slightly and the surface flow leaving the basin at Stations 13 
and 51 seems to diminish the diameter and intensity of the eddy. Map 12 
shows an example of a strong eddy (incoming tide) centered approximately 
midway between Stations 7 and 8 t and Map 36 shows a weak eddy (Qutgoing 
tide) centered approXimately midway between Stations 8 and 9. 
(4) Changes in the Current Patterns and Velocities - The" 
basic current patterns outlined in the previous section are representa-
tive for the trade wind and tidal ranges as specified on Maps 2 and 3. 
The current velocities corresponding to these patterns are given in 
Figures 19.120 and Table III. An estimate of the current direction 
at any location in the Pay can be obtained from Maps 2 and 3. If a 
corresponding mean current velocity for the location is desired, Table 
III should be used (provided the winds and tide conditions during the 
time in questions are within the ranges specified on Maps 2 and 3). 
Figures 19 and 20 give the current velocities in and adjacent to the 
two entrance channels as a function of wind velocity or the rate of 
" tidal change. The figures were obtained qy plotting all current vel-
ocities observed during either calm conditions or during periods of 
minimluu tidal changes and drawing smoothed curves between these data 
points. In obtaining a current velocity from Figures 19 and 20 with 
a known wind velocity apd rate of tidal change, the larger velocity 
given Qy the curves should be us~d. Any current velocity value obtained 
from Table III or Figures 19 and 20 must be corrected as indicated in 
the following sections if the wind conditions are not typical. 
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a. Effect of the Winds on the Circulation - Figures 21 
and 22 show the frequency of wind velOCity and direotion 'obtained ;from 
the meteorological data for June 1966 to DecElllber 1967. Figure 23 shows 
the variation of the winds!rom June 1966 to June 1967. The three 
figures show that trade winds from 100 to 700 magnetic predominate. 
Theveloci ty of these winds gener~lly varies from 5 to 12 knots. 
~ 
The 
average velocity of 8.7 knots dur~ng 1966-1967 'was lower than the 
1960-1967 average of 9.8 knots. The effects of these winds on the 
currents in the Bay are discussed,below. 
. \ 
1 ) Trad e Winds - During period s of strong trad e 
" .' 
winds (above 12 knots). the circulation in the 0 to J m depth of the 
. Bay increased and a slight increa~e in the flow at greater depths was 
found. The increase in surface flow was most apparent on the entrance 
reefs and in the northwest half of the &y. The average current va-
locities observed in the inshore areas under trade wind conditions were. 
approxitnately 1/3 of the velocities observed in the channels. 
Inspection of Figures 19 and 20 shows sev~al interesting facts. 
First. a trade wind velocity above 7 knots has less effect in increasing 
the current velocity than winds below 7 knots. Second. at the lower 
trade wind velocities the surface flow rapidly decreases. Third. the 
curves show the highest current velocities observed. that were due 
primarily to high winds of 14-18 knots, were 1jto 20 an/sec. Fourth. 
the greatest variation in the current velocities was found at depths 
between 3 to 7 m with the greatest current velocities in this layer 
occurring during outgoing tides and the weakest velocities occurring 
during incoming tides. 
Reversals i~ the current direction in the channels at the change 
of the tide were observed most frequently at depths between 3 and 7 m. 
This was also true for the inshore portions of the~. This 3-7 m 
layer is between a wind-driven surface layer and a bottom layer having 
a generally consistent pattern of circulation. The curves of current 
as a function of wind velocity in Figure 19 differ from those in 
Figure 20 because the trade winds increase the circulation during an 
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incoming tide while the trade winds retard the flow from the Bay during 
an outgoing tide. 
2) Kona Winds - During the Kona winds observed 
(November to April) the magnitude of the surface circulation decreased 
slightlY, but the current directions remained essentially unchanged. 
The non-steady nature of the observed Kona-wind directions and veloci-
ties apparently did not allow these winds to substantially influence 
\ 
the circulation patterns established by the bathymetry of the Bay. 
If the Kona-wind direction remained steady for at least 4 to 6 hours 
slight modifications in the velocity of the surface currents were 
produced. The surface flow leaving the Bay from the southeast channel 
during strong Kona winds and an outgoing tide increased while the 
flow into the Bay over the entrance reefs was quickly diverted into 
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the channels. The November monthly surv6,Y was obtained during these 
conditions (Maps 48-59). During the longest period of steady Kona-winds 
observed (April 18-20, 1967), the circulation in the fay below 7 m de-
creased approximately 20%. particularly the outflow from the northwest 
channel recorded b,y the paddlewheel current meter. 
b. Effects of.the Tide - Figures 19 and 20 show the 
relation between the current velocity in and adjacent to the entrance 
channels and a rising or dropping tidal rate. The "tidal rate" is 
defined as the mean slope in em/hr of the tidal curve during the period 
of observations. On the average, these tidal current velocities were 
2t times the tidal velocities in the inshore portions of the Bay. This 
was probably due to the substantially different bathymetry of the in-
shore and offshore areas of the Bay. 
Figures 19 and 20 show that the tide can have a strong effect on 
the circulation at the entrance of the Bay. Current velocities reached 
a maximum of 24 em/sec with a tidal rate of. 18 em/hr. The maximum 
current velocity observed in the Bay was in the southeast channel on 
April 10, 1967 t at 1040 hours during a 10-knot trade wind from 0400 and 
an outgoing tidal rate of 16 em/hr. This outgoing current reached 
70 em/sec and remained above 40 em/sec for 45 minutes. The:3 hours 
preceeding this maximum current velocity was a period with strong, 
l6-knot trade winds combined with a strong 15 em/hI' incoming tide. 
This probably caused a rapid accumulation of water which was later 
released at the turn of the tide. 
c. Effects of Oscillations - The contributions of 
oscillations to current velocities is discussed in Section3D(6). 
(5) Contribution to Currents from Waves 
a. Observations - A summary of wave observations taken 
at six locations in the Bay during strong trade winds of 10-25 knots is 
given below: 
Station 
) 
19 
22 
26 
28 
40 
Range of Range of 
Wave Heights Wave Periods 
0.)m-O·5m 0.5 sec - 1 sec 
1 m - 2m 2 sec ... 4 sec 
2m- )m 6 sec ... 8 sec 
1 m ... 2m 5 sec ... 8 sec 
0.5 m ... 1.5 m 4 sec - 6 sec 
0.1 m ... 0.) m 0.5 sec ... 1 sec 
b. Calculation of the Contribution to Currents over 
the Entrance Reefs from Wave Activity ... 
'l'he reef line at the entrance of the Bay (inner boundary) is frequently 
subject to heavy incoming surf. Wave data were obtained using a stop 
watch and observing a graduated staff placed at various locations in 
this surf zone. The wave contribution to the volume of water being 
transported over the entrance reefs in the upper 1.5 m of water were 
estimated using this data and a relationship propsed by Munk (1949). 
The analysis was started by determining the slope of the bottom ap-
proaching the Bay entrance using a line from Station 2) through 
Station 22 to a point )000 m be,yond l Station 22. The depth along this 
cross-section decreases uniformly toward the Bay. Next.the height of 
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an average wave for April (height = 0.83 m and period = 6.7 sec) was 
corrected for the shoaling bottom. and the breaking depth of this wave 
on the reef was found using the techniques and graphs given in the U.S. 
Amy Corps of Engineers Technical Report. 1966. The wave volume trans-
ported onto the, reefs was then estd.mated by the following r~ationship 
which assumes the total volume of the wave 'above the trough moves 
forward in breaking: 
E5-1 'i = 4 
where: 13 ~3 
H,2-
--k. 
T 
9l = volume transported forward per meter of crest per second 
,"1, :: relative depth ~~ :'g:16 i: 0.71 
H': wave height at the breaking de~th (m) 
o , 
d ,:: still water depth (m) 
H ~ == the breaker or near breaker 'height (m) 
lr :: wave period (sec) 
The estimated contribution ~o the total transport across the entrance 
reefs from April was found to be 7.6 x 10-3 m3/m of crest/sec which is 
'\ 
a total of 31~l m3/sec for the length of the observed surf zone. This 
, . . .~~ 
corresponds to a current velocity 0,f"1.4 em/sec. The observed currerit 
velocities on the large central reef during April averaged 5.8 em/sec 
during an incoming tide. Therefore. the computation indicated the 
wave contribution to this current velocity was approximately2.4tj,. 
c. Cabcylatlon of the L1ttora1 Drift abong the Entrance 
of the Bay - ' 
A northwest current flOwing along the reef face (inner boundary) was 
observed during incoming tides and. one one occasion, an outgoing tide. 
This current is important because it provides a source of water below 
1.5 m for the flow into the northwest half of the Bay. and because it 
must carry same water away from the Bay during an outgoing tide. The 
trade winds normally blow at an angle to the entrance of the Bay and are 
normally responsible for the direction of the incoming surf. This in-
coming surf refracts parallel to the entrance line and breaks on the 
. , 
large reef. Below 1.5 m. however, the flow is to the northwest along 
i 
the reef face. This flow is the littoral drift; it is probably due to 
the trade winds blowing at an angle to the reef line. 
An estimate of the littoral drift along the reef due to the trade 
winds was made using a relationship proposed qy Bretschneider (1967): 
t= J7 rAND t&u JKK'J 
where: 
v = mean current velocity (eml sec) 
l.t = sustained wind velocity (cm/ sec') 
I( = 3.0 x 10-6 (surface stress parameter caused qy the wind) 
K'= 0.009 (related to the bottom friction stress according to 
I( '= .... 6"2. where h == manning factor of 0.025) 
t = duration of the wind velocity (sec) 
D = mean wa tar depth (em): 
The assumption was made (and discussed with Bretschneider) that the loss 
onto the reef of the 0-1.5 m layer of the total 4 m water column ap-
proaching the reef does not substantially change the above relationship-
The littoral current. therefore. f:lows northwest along the vertical face 
of the reef at 1-5-4 m depth~ This reef face provides an essentially 
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impemeable barrier to the incaning flow below 1 • .5 m. 
Calculating the littoral currellt at the inner boundary entrance 
line for the 1 • .5 '- 4 m depth using an average April trade wind velocity 
of 7.4 knots (at an angle of e = .:300 to the reef line) gives a value 
of .5.0 om/sec. If the calculation is repeated,using the maximum sus-
.. 0 
tained trade winds observed of 16 knots ( e = 90 ). the resulting current 
velocity obtained is 1).9 em/sec. As a comparison, the northwest currents 
. I 
along the vertical face of the reef in April (Station 22). during an in-
coming tide, ranged from 2-19 em/sec with a mean of 6 om/sec (Table III). 
d. Comparison of Calculations and Observations - Tidal 
current velocities of 5.6 om/sec quring an incoming tide (11 om/hr 
change) and .:3.2 em/seo during an outgoing tide (10 om/hr change) were 
observed midway between Stations 22 and 2) on April 14. 1967. during 
conditions of flat seas and no wind. Current measurements taken two 
days later. at the same location during the presence of 1 m ..: 7 sec waves, 
an'incoming tidal rate of 10 em/hr. and following )0 hours of 7-knot 
trade winds. averaged 7.4 om/sec. Subtracting the incoming tidal current 
velocity (.5.6 om/sec) from 7.4 om/sec gives a value of 1.8 om/sec. which 
is an approximate wave contribution to the total ourrent velocity across 
the reef. This value agrees reasonably well with the theoretical estimate 
of 1.4 om/sec for an average wave condition in April (Seotion) (.5)b.). 
The maximum observed currents along the entrance of the Bay at 2 m 
depth were 180m/sec (Map 7). This, measurement compares favorably with 
the computed estimate of 13.9 em/sec for the maximum sustained high 
wind and surf conditions observed (Section) (5) c.). 
These results point out the importance of the wind and wave con-
tributions to currents along the entrance of the Bay. Incoming waves 
generally approach the entrance from the northeast. These waves re-
fract parallel to the ~ entrance and enter directly into the south-
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east channel. In contrast, these incoming waves do not refract as much 
when entering the Bay between Kapapa and Mokolii Islands. The result 
was a northwest flow from just west of the southeast channel along the 
entrance reefs toward the northwest half of the Bay. This flow, along 
with the circulation in the Bay, keeps the northwest half of the Bay 
actively exchanging water with the ocean. The result is that this 
half of the Bay is more oceanic in character than the remainder of the 
Bay. 
(6) Cont~nuity Analysis ~ the Comparison ~f Estimated and 
Observed Tidal Current Velocities -
Flow into the Bay must satisfy the conservation of mass. Starting with 
the continuity equation an expression can be obtained for computing the 
volQme of water transported through any vertical section across the 
Bay. The volume transport analysis (Section )F) included such com-
putations for the vertical sections within the Bay (AI, A2, DII, D-22, 
D-33. C and E). These estimates are the tidal contribution to the 
currents in the Bay during a changing tide. The computation gave the 
current velocity required to affect a change in sea level in five areas 
of the Bay during a specific period of time. The estimated mean 
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currents flowing through the seven vertical sections in the Bay during 
the mean tidal rise for April were computed (Section 3 F(2)a) and are 
given in the following paragraph. The five cross-sections at the entrance 
(B, D-l. D-2. D-3 and F) are not included in the summary because observed 
current velocities were used to determine the volume distribution 
entering the Bay, 
The followi~g summary compares the current velocities at the seven 
cross-sections in the Bay. computed for a mean incoming tide in April 
of 66 em .. 11 em/hr rise. with the current velocities observed on 
April 14. 1967 during a 65 em - 10 em/hr tidal rise. Also given for 
comparison are the mean values from Table III. 
Velocity Computed Mean of Observed Table III 
C£o§§-S~S!:\i:~Oij from the Incoming Velocities on Yearly Mean 
TiLde:J: Qb5Ylge A:eriJ: J:4. 126Z IncgmiLng V~ocit~ 
A-l 1 .. 5 em/sec 1 em/sec 3 em/sec (Station 13) 
A-2 1.5 am/sec 4 em/sec 5 em/sec (Station 51) 
D-ll 25 em/sec 33 em/sec 34 em/sec (Station 46) 
D-22 6 em/sec 11 em/sec 8 fXtl/ sec (Station 24) 
D-33 18 em/sec 5 em/sec 5 fXtl/sec (Station 25) 
C 4 am/sec 4 em/sec 4 em/sec (Station 40) 
E 5 am/sec 6 em/sec 5 em/sec (Station 36) 
The velocities observed on AP1~il 14th, given in the above summary. 
were taken during a period following JOhours of no wind and flat seas. 
The estimates computed for cross-sections A-I, C and E agree well with 
the observed tidal currents because of these optimum conditions and be-
cause all of the methods used to measure currents provided good data. 
The velocities estimated from the continuity computation for Sections 
A-2, D-11 , D-22 and D-J3 do not agree as well with the observations 
because the continuity computation assumes the flow through these cross-
sections is dependent only on their area.· The observations suggest that 
the excess volume leaving each of/the two areas (2 and 4) divides before 
reaching the four cross-sections A-2, D-11, D-22 and D-JJ. 
Both the computed and observed current values given above corre-
spond closely with the mean current velocities fram Table III. The 
values from Table III are the mean of currents observed at each location 
when the tides, wind and waves were simultaneously affecting the current 
velocities. In general. the comparison indicates that the mean of 
observed current velocities of the water column at most locations in 
the Bay were substantially the result of the tidal changes. 
F. Volume Transports 
(1) General - The objective of the volume transport analysis 
was to determine the exchange and net transports at twelve vertical 
cross-sections in the Bay. The exchange transport is defined as the 
volume exchanged through each cross-section in the Bay during an in-
coming and an outgoing tide. The net transport is defined as the dif-
! 
ference between the incoming and the outgoing components of the exchange 
transport through each cross.section in the Bay. The net transport is a 
measure of the one-way flow through each cross-section and it includes 
all the additions to, and flow from each area in the Bay_ Both the net 
and exchange volume transports are a measure of the flushing of each 
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area in the 1?ay and they can be uSEld to help estimate the rate of removal 
of sewage or haa t from the Bay. The current measurements and circula-
tion patterns discussed in the previous Section E form the basis for 
the volume transport analysis. 
(2) Vplume Transport AnalYsis 
a. Method - Using the inner boundary line (Map 1) a 
vertical cross .. section of the entrance to the B9.y was drawn. This 
cross-section. shown on Map 4. was then divided into five sections. 
These sections are the two shoreline reefs (E3 and ES). the two channels 
(El and E2). and the large central reef (E4). The oross-sectional areas 
at msl. mllw and mhhw were calculated for each of these five sections. 
Table IV sholoJ'S the results of this calculation for msl. 
A three-part computer program was used for· the volume transport 
analysis. iasically, the analysis used current velocities observed at 
the entrance of the Bay to determine the flow in and out of the Bay. 
The distribution of this flow wi thin the Bay was then determined by 
conSidering the volumes required to raise or lower the sea leVel in 
each area of the &.y. Specifically. the computer analysis proceeded 
in the following manner: 
1 ... The B9.y was divided into five areas (Map 4) according to natural 
divisions by reef barriers or shoreline restrictions. 
2 ... The difference in the volume of water between mllw and Ilihhw for 
each area was determined from the results of the hypsographic 
analysis. These volume increases were calculated for each 1 em 
tidal rise in each of the five areas. 
.3 ... The incranental volume incrE:ases for each area were entered as 
data along with paddlewheel current observations taken at five 
minute intervals in the two channels. and 46 Ekman current meter 
observations taken at 10 minute intervals for 11.5 hours at two 
locations. The two locations were midway between Stations 22 
and 2.3 and midway betwe,en Stations 26 and 27. The day chosen to 
obtain these measurements was April 14. 1967 because the 62 am 
tidal rise on this day was essentially the same as the 64 em 
average of daily tides up to April 1. 1967. 
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4. - The areas of the five sections of the entrance cross-section were 
calculated in 1 em increments from an enlarged graph of the cross-
section. These 62 incremental areas (above mllw) for each of the 
five sections were entered as data along with the five areas of 
the sections at mllw. 
5. - The computation considered the Ekman current meter observations 
taken at Station 22/2.3 to be typical for Sections E.3. E4. and E5. 
The mean of observations taken at Station 26/27 and the paddle-
wheel current meter observations were used for Section E2. The 
paddlewheel observations were used for Section El. 
6. - The volume inflow through the entrance cross~section was computed 
at 10 minute increments and the values summed for a total of6· 
hours in and 5.5 hours out which were comparable to a 62 em tidal 
change. The volume inflow in~~o areas 2. 4 and 5 were then known. 
These volumes were compared to the required volume inflow to 
produce a 62 em sea level rise in each area. This comparison 
showed an excess volume entered the three areas. 
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7. - This excess volume had to leave areas 2, 4 and 5 to provide the 
required volume inflow for a 62 em sea level change in areas 1 
and 3. This distribution within the Bay was computed in a second 
part of the computer program. Data inputs included the cross-
sectional areas (in 1 cm increments) of each vertical section in 
the Bay (Sections AI, A2, D-ll, D-22 , D-33. 0 and D) from mllw to 
mhhw. 
8.- As an example of this second computation, consider area 4 (large 
central reef). Its three boundaries within the Bay (D-ll, D-22 
and D-3~were established according to natural barriers on the 
reef. Oross-section D-ll has a mean depth of 2 m at msl, D-22 a 
mean depth of 0.5 m at msl, and D-33 a mean depth of 3 m at msl; 
each separated from the next by an exposed sand bar or reef. The 
flow leaving the large reef is, therefore, well divided and the allo-
cation of the excess volume leaving the reef can be estimated. 
This estimated division of the excess volume leaving the reef 
through the three boundaries was computed. The resultant estimate 
of flows across these cross-sections (D-ll. D-22 and D-33) compared 
favorably with the currents 'observed at these locations. 
9. - With the volume transports in the Bay estimated for April 14, 1967. 
the third part of the program repeated the computation for the 
remaining 24 days in April by comparing the paddlewheel current 
meter data each day with the data for April 14th. Mean transports 
into and out of the Bay for ev,ery 10 minutes during the 25 days 
of continuous paddlewheel observations were obtained from this 
computation. These final results were summed and averaged for 
the volume transport values given in Map 4 and Tables IV to VII. 
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The difference each day between the incoming and outgoing trans-
port is the daily net transport through·a~ of the 12 cross-
sections in the fuy. The daily values were SUlTlllleO and a mean 
for 24 hours found (Section 3F(J)a.). Map 4 also shows the values 
used for the volumes of runoff, sewage, precipitation added and 
volume of evaporation subtr~cted from each area for the analysis. 
These values were obtained from Sections & G, Hand K. 
10.- Last, the average tidal height each month along with the estimated 
monthly evaporation, preciptation, runoff. and sewage outfiow were 
compared to the values observed or computed for April. Transport 
estimates for each month were obtained fran this comparison. but 
the results given in this section are for April only. 
b. Month Used for the Ana~vsis - The month of April 
was used for the analysis. Winds for this month were between 0 and 21 
knots, averaging 9.6 knots. The wind was primarily from the trade wind 
direction except for 2 days of 6 knot Kona winds and one day of calm 
\ 
conditions. Figure 23 shows the mean wind velocity for April of 9.6 
knots was greater than the average wind for April during the past 6 
years. This mean wind of 9.6 knots, however. was only slightly below 
the yearly mean wind for 1960-1967 of 9.8 knots. The mean trade wind 
direction during April was within 100 of the orthogonal to the 
entrance line. The calculations were based on a 62-cm semidiurnal 
tide on April 14, 1967. and the observed sElllidiurnal tides for the re-
maining days in April which averaged 66 em. The average tidal change 
for the year was 62.6 em. I Other comparative monthly averages were: 
April Total Yearly Mean 
Evaporation 12·5 em 15.5 em/mo 
Precipitation 16.7 em 14.4 em/mo 
Runoff 8.02 x 106m3 6.92 x 106m3/mo 
Sewage # 6 3 0.3D x 10 In 0.40 x 106m3/mo 
The April mean tidal change and runoff were slightly greater than the 
mean tidal chang~ and runoff for each of the remaining months in the 
year. As a result the volume transports for April were approximately 
6% higher than the average monthly transport. 
(3) Results of ~he Computations 
a. Exchange and Net Transports at the Bay Entrance -
Results of the volume transport computations for the entrance cross-
section are shown in Tables V and VI. Table V gives the flow through 
the entrance cross-section in terms of percent of time (hours per day 
in and out) and the resulting total volumes exchanged in and out of 
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the Bay. Table VI gives the mean exchange and net transports through 
the five vertical sections (El - E5) of the entrance cross-section and 
the average and maximum current velocities observed during the year at 
these locations. The computation results indicate a mean excess volume 
of 0.3 x 106 m3 leaving the Bay each 24 hours. 'rhis result is discussed 
in the Section3F(3)c. following. 
b. ExChange and Net Transports in the ~Y - The total 
volume balance for the Bay includes the following components: 
V balance:: V In- VOut 
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where: v V V V V In = T + P + R + S 
'{ut =='( +~ 
v; = tidal volume 
'{ = direct precipitation 
V R == shoreline and stream runoff 
Vs = sewage addition 
\l E == evaporation 
Map 4 shows the results of the analysis in terms of this volume balance. 
The map shows the five areas used for the volume transport analysis. 
They are the southeastbasin(l),the southeast channel area(2),the 
central inshore area(3), the central reef(4),and the northwest channel 
area(5). The volumes exchanged in these areas are governed by their 
proximity to the two estrance channels and to the entrance reefs. 
1 
The order of decreasing transport activity of the areas are 4, 5. 2, .3. 
I 
1. Table VII gives the exchange and net volume transports across the 
boundaries of each of the five areas along with an average current 
velocity for each exchange transport. The results shown in Map 4 and 
Table VII are the mean daily values. expressed in m.3/sec , for the 
estimated net and exchange transports in the Bay. 
c. Excess Transport from the Bay - Due to a surplus 
of inputs, a net flow leaves the Be,y each day. This estimated excess 
of .30 x 104 m.3/day accumulates from three sources in the following 
approximate amounts: 
Direct Precipitation == + 38 x 104 m3/day 
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Runoff ::: + 29.6 x 104 mJ/day 
Sewage ::: + 1.4 x 104 m3/day 
Evaporation 4 3 ::: - 39.0 x 10 m [day 
Balance ::: + 30 x 104 m3/day 
The mean precipitation, runof~and evaporation values were obtained from 
observations and subsequent computations (Sections K and G). The sewage 
value was obtained from the known sewage outflow from Sewer 1 and Sewer 2 
(Map 1), plus the results of the comparison between the reactive phosphate 
content over the two sewer outlets (Section )'H(5).). The daily mean total 
sewage outflow, which leaves the 'basin with the net and exchange trans-
ports. is proportionately 8% of t.he net outflow. The mean values for 
the excess transport from the Bay each day are small compared to the 
exchange transports and may vary considerably from day today. Direct 
precipitation into the Bay and the evaporation from the surface essentially 
cancel each other. Therefore, the runoff and sewage additions to the 
Bay comprise the net volume outflow. Section 3G(6) discusses the runoff 
in detail. It will suffice to nott>;} here that a 33- to 48-hour lag was 
found between the time of precipitation and the time the oorresponding 
! 
net outflow fram this preoipitation leaves the Bay. Comparing the run-
off, sewage outflow. evaporation and precipitation for April with the mean 
values for the year, an estimate of the annual mean exoess volume flowing 
from the Bay ~~s found to be 25.5 x 104 m3/day (57.3 x 106 gal/day). 
(4) Discussion of the Transport Results 
a. Bay in General - The results of the volume trans-
port a~~lysis re-emphasize the influenoe of the bathymetry in 
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determining flow in the Bay. Though the volumes exchanged are high at 
the entrance, the net flow across the Bay is low. Most of this flushing 
is accomplished with surface water. Evident from the analysis is the 
large volume (82.6%) inflow over the entrance reefs and shoal areaS. 
Most of this volume divides into. two branches, one turning toward each 
end of the Bay. The consequences of this are a rough division of the 
Bay into two halves with the division being along a line between 
Stations 40, 41, 23 and 22. Flow across this line is normally very 
limited. The northwest half comprises 49.7% of the total Bay area, 
is shallower (4 • .5 m avg.) and has 2/3 of the entrance cross-seotional 
area. Therefore, its circulation and flushing rates are higher than 
the rates for the remainder o'f the Bay. In contrast, the southern half 
(.50.3% of the area, 6.8 m avg. depth, and 1/3 the entrance area) is 
deeper and its oirculation is weaker. The oirculation in the areas 
immediately adjacent to the southeast channel is high but the circula-
tion, and also the flushing, of the shoreward areas and the southeast 
basin is very weak. Map 7 shows :,the observed nows in this area were 
weak. The consequences of this were that 2 to 4 tidal changes (ap-
proximately 1.5-20 hours) were necessary for a sudden sewage discharge in 
the southeast basin to leave the southern half of the lay. Diurnal data 
taken on March 3, 4 and .5, 1967 showed that a sudden increase in 
sewage outflow in the southeast basin (Station 4 at 1600 hours) took 
8 hours to reach Station 17, 12 hours to reach Station 40, and approx-
imately 1.5 hours to reach Station 28. This subject is discussed in 
detail in Section 3 I following. 
b. Southeast Basin - A very limited net outflow of 
2 m3/sec from the southeast basin was found. This net outflow of 
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17.3 x lOl} m3/day (46 x 106 gal/day) is approximately 0.4% of the total 
basin volume. In contrast. the daily exchange transport for the basin 
was approximately 212 m3/sec (4840 gal x 106 day) which is 26% of the 
basin volume. This exchange transport is accomplished chiefly by the 
slow deep flow into the basin through cross-section Al, the small sur-
face addition along the shoreline close to Station 12. and the flow 
through the narrow channel at cross-section A2. It is worth noting that 
the southeast basin volume is 27.4% of the total Bay volume. yet it re-
ceives approximately just e.% of the total exchange transport in and out 
of the Bay. 
(5) Variation in the Volume Transports - The volume trans-
port results represent a mean transport for April. using the 25-day 
period of April 3-28. 1967. as the basis for the computation. An 
equivalent estimate of the mean transport for any month can be obtained 
b,y comparing the mean winds, tidal height and precipitation with the 
similar values for April 196'1 given in Section .3F(2)b. Additional 
factors must also be considered for the estimate if unique meteorolog-
ieal conditions are present for the month in question. 
a. Variations Due to Winds - During extreme wind 
conditions the circulation patterns are modified slightly as noted 
in Sections E(4) and (5). An estimate of the effect of trade winds in 
altering the volume of water transported through the Bay entrance 
cross-section is shown in Figure 24. This figure was obtained by 
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reviewing the data for the individual days in April. During April the 
wind condl tions varied considerably (Section 3F(2)b.). Trade winds in ... 
creased the incoming current.ve1ocities during incaning tides, but they 
did not substantially change the distribution of the incoming volume 
between the reefs and channels. Strong trade winds did, however, 
rapidly lower the surface outflow off the reefs during the outgoing 
tide. Strong Kona winds have a similar effect on the surface flow 
during an incoming tide. 
b. Variations due to Tides - The effect of the tides 
can be seen in reviewing Section E(4)b. and Figures 19 and 20. During 
strong outgoing tides, with a rate of change greater than 15 cm/hr, 
surface currents in both channels were observed flowing out of the Bay 
even under the influence of strong trade winds. This produces steep. 
short-period waves in both channels particularly during storm periods. 
The persistence of the two basic current patterns in the Bay is primarily 
due to the bathymetry and to the fact that the mean variation of the 
daily tidal height in the Bay varied apprOximately just ! 15% from the 
mean daily tide of 62.6 em/day. 
c. Variations D\,Le to Precipitation and Runoff ... The 
1 
contribution to the volume transports from the daily precipitation 
and runoff is discussed in Section 0(6). 
G • Hea tBud get 
(1) General - The object of this analysis was to determine 
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the magnitude, distribution. and seasonal variation of the heat budget 
for the Bay. The budget includes heat exchanged at the surface of the 
&.y and heat advected from the &.y. The stratification in the Bay re-
sulting from heating, evaporation. and the addition of cool stream 
runoff is determined by the heat exbhanged at the surface of the Bay. 
The analysis was undertaken to determine the effect of heat exchanged 
at the surface on the temperature of the water passing over the large 
sand-covered shoal area at the entr'ance of the Bay. The heat budget 
computations included calculating the amount of water evap9rating fran 
the surface of the Bay. This information was required for both the 
volume transport analysis and the computation of the salinity changes 
in the Bay. With the heat exchange at the sul"face known. an estimate 
was made of the heat advected from the Bay. 
(2) Discussion of the D~~ - Nineteen months of meteol"ologi. 
cal data were used. Three to four obsel"vations per day were obtained 
from the meteorological section of the Kaneohe Marine Corps Air Station. 
Figure 25 shows the yearly variation of the surface water temperature. 
wind velOCity, cloud oover. and monthly evaporation from the surfaoeof 
the Bay. Mean values for the year. compared to the oceanic conditions 
northeast of the coastline of Oahu (Wyrtki. 1966). are given below: 
Kaneohe Bay 0Een Ocean 
Relative Humidity 62.2~ 77% 
Temperature of the Air 25.6°c 24. 2°C 
Temperature of the Surfaoe Water 25.5OC 25.10 C 
Wind Velocity 8.7 knots 14·9 knots 
Cloud Cover 55·5% 49% 
Results 
Evaporation (per month) 
Total Yearly Evaporation 
Kaneohe &.y 
li.5 • .5 em 
18.5':3 em 
Open Ocean 
1.5.8 em 
190.2 ClIl 
81 
The mean tauperature of the water was obtained from an area-weighted 
computation. This was accomplished by dividing the surface of the &.y 
into rectangles drawn around each station and computing the mean 
tauperature of the water in the &.y from the proportionate area of 
each rectangle. The size of each rectangle was established by its 
proximity to surrounding stations. 
eJ) Mmthod of Analysis ... The analysis was performed with 
two computer programs using the equations given in Section 30(4). 
Daily and monthly values for the heat exchanged at the surface were 
found. The heat balance at the surface includes four oomponents: in ... 
caning radiation. back radiation. heat of evaporation, and sensible 
heat. The daily values were computed to find the approximate time in 
the day of maximUlll. heating. This information was used in Section lJ. The 
computed monthly values are the heat budget results given .in this 
section. 
1~o additional computations were peformed. The monthly averages 
were found for the five data inputs!: tElilpera ture of the water, 
tElilperature of the air, dewpoint temperature, cloud cover and wind 
velocity. The second oomputation gave a range of values for each 
of the four surface heat eXChange oomponents. These values were 
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computed according to the range of surface water temperatures observed 
in the Bay during the monthly surveys. Figure 26 shows examples of 
these variations in the surface water temperatures for five locations 
in the Bay throughout the year. Using the daily surface water tem-
peratures taken adjacent to Mokuoloe Island, the variations throughout 
each month in the heat exchanged at the surface of the bay were found. 
The temperature of the water at Mokuoloe Island was used in the com-
putation for two reasons. First, the water temperature at this 
location closely followed the mean surface water temperature of the 
Bay each month. Figure 26 shows a comparison in the "Mokuoloe Island" 
and "Heat Budget Reference" temperature curves. The second reason 
was that the heat budget at Mokuoloe Island also closely followed the 
mean heat exchange at the surface of the Bay. The variations in the 
surface heat exchange from the reference location of Mokuoloe Island 
are shown in Table IX as +T4 to -T4. These values were used to 
construct the heat budget Maps 5 and 6. These maps indicate areas of 
heat sources and sinks. The relatively consistent location of areas 
of high and low surface heat losses in the Bay allowed just two heat 
budget maps to be drawn. 
(4) Theoretical Basis for the Computations ... The analysis 
of the surface heat exchange conSidered four components. They were: 
QI ::: incoming radiation from dirf3ct solar radiation and diffuse sky 
radiation corrected for reflection. 
QB = back radiation (long-wave radiation) from the sea surface. 
~ ::: heat lost from evaporation at the surface. 
QS = sensible (convected) heat exchanged between the water surface and 
the atmosphere. 
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The total heat exchange (QT) at the surface of the Bay is: 
G4-l QT = Qr - QB - ~ - QS 
Various equations have been used to calculate the four components, most 
using a similar basis for computation. In this analysis. the equations 
used are from Wyrtki (1966), enabling a comparison of the monthly re-
sults for the Bay with similar (interpolated) monthly values from wyrtki. 
The lopation of 210 27.8 North latitude 1570 48.5' West longitude 
(Station 41, center of the Bay) was used for the comparison. As a 
cross-check, a comparison was also mad e with the results of Seckel . 
(Seckel • 1962) for the .same location. 
In brief summary, the computations used the following equations: 
a. Most methods calculate the incoming radiation using 
a solar constant r of 1.94 G_cal/cm2 min. The amount of this solar 
. 0 
energy incident on the earth's surfaoe (Qo) is then found by considering 
the absorption of the atmosphere and the incident angle of the incoming 
radiation. This incoming radiation changes throughout the year; it was 
oalculated with: 
G4-2 Q I = Q 0 ( , ...; ,.. J( I - C4 C - b C2 ) 
where: 
00 = incoming solar radiation for a clear sky (oonstant each month) 
r = refleotion from the sea - a function of latitude and month 
C = cloud cover in tenths 
Q = constant - a function of latitude 
b = constant - same for all latitudes. 
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b. Calculation of the back radiation uses the Stefan-
4: 
Bol tzrnann law (E C1C T ) to determine the difference between the surface 
arid the long-wave radiation of the atmosphere. Back radiation was 
calculated with: 
G4-J 
where: 
R ::: the ratio of sea surface radiation to a black body radiation 
S ::: Stefan-Boltzmann constant 
~::: absolute temperature of the surface of the water (ko) 
e~::: water vapor pressure of the air (millibars) 
C ::: cloud cover in tenths 
~w::: temperature of the sea surface(co) 
TQ..::: temperature of the air 
K ::: a parameter varying linearly wi th latitude - conSidered as 
a constant for 210 27.8' North latitude. 
c. Calculation of the heat lost in evaporation uses 
a value of 60.65 g_cal/cm2 as nece,ssary to evaporate 1 rom of water 
from the surface. The heat of evaporation was calculated with: 
where: 
L ::: latent heat of evapora;tion 
'vi::: wind velocity 
~ = specific humidity at the sea surface 
'Sw 
8.5 
<t.,.= specific humidity of the air 
CD= drag coefficient - dependent upon the height of observation (at KMCAS- 1.2 m for temperature and 7 • .5 m for wind), and 
wind velocity (4 • .5 m/ sec - average for the year). 
d. The sensible heat transfer (convection) from the 
water to the air was calculated with: 
where, as before: 
d~ = air density 
CD = drag coefficient 
C p = specific heat of air (0.24 cal/gm/deg.) 
1;",,: temperature of the sea surface 
1:. = temperature of the air 
~ = wind veloCity 
(.5) Results of the Computations - Surface Heat Exchange -
The results of the monthly heat budget computations are shown in Figure 
27. Tables VIII to X, and Maps .5 and 6. Figure 27 shows the four com-
ponents of the surface heat exchange throughout the year, and Table 
VIII gives the monthly values for each component. Table IX gives a 
summary of the maximum and minj~um monthly values for each component. 
Table X gives the variation in the surface heat exchange over the Bay 
as discussed in the preceeding Section 3'G(J). The distribution of the 
values given in Table X are shown on Maps .5 and 6 for an incoming and 
an outgoing tide respectively. 
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The monthly heat budget for any particular area in the Bay can be 
I 
found from Haps 5 and 6. From these maps a "Til value is obtained for 
the area in question during an incoming or outgoing tide. This "Til 
value corresponds to monthly heat budget values given in Table X. The 
values for an incoming and an outgoing tide may be summed and averaged 
to obtain an estimate of the mean yearly surface heat exchange for any 
area in the Bay. Using Haps 5 and 6 and Table X in this manner shows 
that the surface heat balance during 1966-1967 for the large entrance 
reef centered at Station 2.3 was ~,! cal/cm2/day. Similarly, for the area 
adjacent to the mouths of two streams flowing into the southeast basin 
(Station 4) the mean yearly heat balance was _La cal/cm2/day. Com-
paratively. the mean yearly heat balance for the entire surface of the 
l~y was -9 cal/cm2/day. A summation of this type for the entire Bay 
indicates that most surface heat gains were found in the northwest half 
of the Bay, while most heat losses were found in the southwest half of 
the Bay. The greatest surface heat gains were concentrated on the large 
entrance reef (Stations 2.3 and 25) and the shoreline reefs (Stations 5-6, 
9-10, 16, 29-32, 34-.37). A greater number of these shallow reefs are 
located in the northwest half of the Bay. A summation also showed that 
the surface water heat exchange over the shoal sand flats (Stations 26 
and 27) was similar to the average monthly surface heat exchange for the 
entire Bay. 
Generally, the influence of the extensive shallow areas results in 
a heating of the water above the oceanic conditions by incoming radiation. 
This should result in a mean heat gain at the surface of the Bay through-
out the year. Figure 27 shows that heat was gained by the surface water 
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from March to September and lost from September to March. The mean 
yearly heat balance at the surface. however, was negative (-9 cal/am2/ 
day) ,indicating a heat loss. The yearly mean temperature of the surface 
water in the &.y and of the water leaving the channels and reefs during 
an o\ltgoing tide was higher than the open ocean, implying heat must have 
left the &.y each day with the volume transports. Therefore. to check 
this unexpected yearly mean heat loss of -9 cal/am2/day, a method re-
ported 'by Roden (Roden, 1959) was also used to calculate the heat exchange 
at the surface of the &.y. This computation for each month used the mean 
of the srune monthly data used for the previous heat exchange computations., 
The results are shown in Figure 27 as the dashed curve <it. The mean 
difference ,of +17 cal/cm2/sec between the two methods (Roden minus Wyrtki) 
is chiefly due tpa slightly lower heat loss from evaporation (Roden). 
The second computation (9.. t ) gives a slight yearly mean heat gain of 
+8 cal/cm2/day at the surface of the &.y. 
The heat exchanged at the surface of the &.y can vary substantially 
with location. Table X shows the variations in the exchange of heat at 
the surface during February and March were slight. but during October. 
December, and January the variations throughout the Bay were great. 
Normally the surface water in the southeast channel and southeast basin 
loses heat from September to March. During heavy rains. followed by the 
cool fresh water runoff into the &'y, much of the surface water in the 
Bay can cool sufficiently to gain heat. 
The month of the maximum mean haa t loss from the surface of the 
Bay was October and the month of maximum gain was April. These months 
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are both prior to the months of ma}ctmumheat gain and loss for the heat . 
exchanged at the surface of the open ocean. 
(6) Yearly Evaporation - Figure 25 shows the average evap-
oration from the Bay each month. The total evaporation fram the Bay 
during the year is 185.3 em. A value for 210 North latitude in the 
open ocean is 190 em/yr. The slightly lower evaporation rate in the 
illy was due to the lower wind velocities and small difference between 
the vapor pressure of the surface water and the air. 
(7) Comparison with the Oceanic Heat Budget - A comparison of 
the heat budget results for the Bay with results for the Hawaiian Island 
region (Seckel, 1962; WYrtki, 1966) shows that the surface heat exchange 
of the Bay varied annually in a manner similar to that in the open ocean, 
except the heat lost from the Bay was greater. 
Typically, the oceanic waters in this area gain heat fram early May 
until November and lose heat from November to April. Figure 27 indicates 
that the Bay responds sooner to ~Ioth the summer heating and' winter cool-
ing. The month of greatest heat gain of +140 cal/sq em/day in the open 
ocean is July, while the greatest heat loss of -30 cal/sq em/day is 
December. Comparatively, the values given in Table IX show a maximum 
heat gain in April of +67 cal/sq em/day, and a maximum heat loss in 
October of -145 cal/sq em/day. Table IX also shows that the summer heat-
ing and winter cooling preceeded that in the open ocean by 3 months. 
Specifically, the incoming radiation is lower in the Bay than the 
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are both prior to the months of ma}dmum heat gain and loss for the heat 
exchanged at the surface of the open ocean. 
(6) Yearly Evaporation - Figure 25 shows the average evap-
oration from the Bay each month. The total evaporation from the Bay 
during the year is 185.3 em. A value for 210 North latitude in the 
open ocean is 190 em/yr. The slightly lower evaporation rate in the 
fay was due to the lower wind velocities and small difference between 
the vapor pressure of the surface water and the air. 
(7) Comparison with the Oca~nic Heat Budget - A comparison of 
the heat budget results for the Bay with results for the Hawaiian Island 
region (Seckel, 1962; Wyrtki, 1966) shows that the surface heat exchange 
of the Bay varied annually in a manner similar to that. in the open ocean, 
except the heat lost from the Bay was greater. 
Typically, the oceanic waters in this area gain heat from early May 
until November and lose heat from November to April. Figure 27 indicates 
tha t the Bay respond s sooner to Floth the summer heating and' winter cool-
ing. The month of greatest heat gain of +140 cal/sq em/day in the open 
ocean is July, while the greatest heat loss of -30 cal/sq em/day is 
December. Comparatively, the values given in Table IX show a maximum 
heat gain in April of +67 cal/sq em/day, and a maximum heat loss in 
October of -145 cal/sq em/day. Table IX also shows that the summer heat-
ing and winter cooling preceeded that in the open ocean by 3 months. 
Specifically, the incoming radiation is lower in the Bay than the 
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open ocean because of the increased cloud cover over the my. The 
higher surface water temperatures in the Bay cause the back radiation to 
be higher than that of the open ocean. The amount of heat lost due to 
evaporation is approximately the same, even though the winds are lower, 
because of the higher water temporatures in the Bay throughout the year. 
In general. the evaporation rate in the Bay is balanced by the precipita-
tion. The sensible heat exchange in the Bay is very low due to the 
small difference found each month between the air and surface water 
temperature. The yearly averages of these two temperatures differ by 
just a.loC. This is apparently due to the rapid response of the surface 
water in the shallow areas to heating and cooling. 
(8) Comments on the Changes in the Heat Budget Distribution 
due to the mth;ymetry and Circulation -
The major influence on the heat exchanged at the surface is from the 
high surface water temperatures resulting from the large size and 
number of shallow reefs in the fuy. Next in influence is the high 
cloud cover and the lower wind velocities found over the my. Some 
variations from the isopleth patterns shewn on Haps 5 and 6 did occur 
during the year due to modifications in the circulation patterns as 
" discussed in Section JE(4), but these modifications are small and of 
short duration. The modifications were chiefly seen in the difference 
between the heat content in the water over the reef areas and in the 
areas adjacent to the stream mouths. These differences were most 
apparent October through January during anomalous meteorological con-
ditions. 
The flow of stream runoff into the southeast half of the lay 
ra.ises the amount of heat being gai.ned in this portion of the Bly. 
In particular, the heat being gained qy the southeast basin was high 
during the month of April due to this cold stream runoff. The August 
heat gain was also high due to the high level of incoming radiation. 
90 
". (9) uHeatTrartsport'f'romthe-Bayu;.;; TheutotaT heat-ubudge't in;.. 
eludes heat being advected to or from the !ay. Figure 26 and the month-
ly survey maps show that the mean tanperature of the water in the entire 
lay (Section JG(2).) during April to Septanber was higher than the water 
at the entrance to the lay (Stations 21 and 22) qy 0.20 to 1.90 C, while 
approximately half of the water in the Bay was cooler than the water at 
the Bly entrance qy 0.20 to 3.7°C during October to Maroh. Sinqe the 
annual heat exchange at the surface of the Bay was +8 cal/om.2/day, heat 
must have left the Bay during the year. The volume transportsprov1de 
a mechanism for removal of this heat from the Bay. 
A portion of the flow from the Bay recirculates during an outgoing 
tide. This makes the heat transport from the Eay variable. and depend-
;" 
ant upon the oirculation.Becaufe of this recirculation, it is dif-
ficult to estimate the hourly variations in the heat advected from the 
lay eaoh day; however, estimates can be made of the mean amount of heat 
transported from the Bay each month by using the results of the heat 
exchanged at the surfaoe and the volume transport analysis. The 
yearly mean value of +8 oal/om.2/day (shown in Figure 27 as the dotted 
curve <it) for the heat exchanged at the surface of the lay and the 
area of the Bay (Table I) of 45.96 x 1010 cm2 gives a. daily mean heat 
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gain in the Bay of 3.7 x 1012 cal/day. This heat must leave with the 
daily tidal exchange transportsi Using the range of computed volume 
transports, monthly values for the density and specific heat of sea 
water, and the observed monthly temperature differences between the 
mean of stations in the Bay and the mean of Stations 21, 22. 27 and 28 
(based upon the monthly survey observations) the amount of heat lost 
daily by the Bay was estimated. Water leaving the Bay generally dropped 
between 0.10 and 0.30 e. Therefore. estimates of the heat capacity of the 
tidal volume of water leaving the Bay each day can be found using the 
specific heat (C,), density (f ), temperature change (AT), and tidal 
volume (\4), from Q(heat content) =fCp(6T)\[,.. The results, in terms 
of transports of 20 x 106 m3/day (31 cm tidal change) to 50 x 106 m3/day 
(112 cm tidal change) t indicate the approximate amount of thermal energy 
, 
leaving the Bay each day varied between 1.8 x 1012 and 4.6 x 1012 cal. 
H. Sewage Distribution 
(1) General - The southeast basin contains two sewer outfalls 
shown on Map 1 as "Sewer I" and "Sewer 211. Generally. a high phosphate' 
content was found in the southeast basin. Since the basin has a limited 
exchange and net transport, effluents can remain in the basin for some 
time. altering the character of the water for marine life. It was nec-
essary, therefore. to determine the contribution of these sewer outfalls 
to the high phosphate levels in the basin. The rate at which sewage 
enters the southeast basin was first determined, and the subsequent 
rate of distribution across the Bay then estimated. The seasonal varia-
tion of phosphate levels in the Bay were observed. This data, combined 
with the monthly distribution (survey data), gave an average phosphate 
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content per cubic meter of the southeast basin. This information was used 
to estimate the rate of removal of phosphate-rich water from the Bay. 
(2) Method of Analysis - The rate of sewage being added daily 
to the southeast basin was determined from two sources. Continuous re-
cordings of the sewage outflow from Sewers 1 and 2 were available from 
the State Department of Sewage and from the Sanitation Section at the 
Kaneohe Marine Corps Air Station. The phosphate content in the sewage 
from Sewer 2 was estimated by comp'~ring the phosphate content in the 
water directly over each sewer outlet. Samples for this comparison were 
taken one day per month at the surface and 1 m above each outfall pipe 
at 0800. 1400 and 1900 hours. The comparison of the mean phosphate con-
tent at the two locations were related to the known phosphate content 
in the outflow from Sewer 1. The phosphate concentration in the raw 
sewage leaving Sewer 2 (KMCAS) was estimated each month by this com-
parison and the results are given in the follOwing Section :3H(3). 
The distribution of the sewage outflow in the southeast basin and 
across the Bay was found b,y determining the concentration of reactive 
phosphorus in the water. The method of Strickland and Parsons (Strick-
land and Parsons. 1965) was used for the phosphate analysis with the 
samples preserved using a method proposed b,y Gilmartin (Gilmartin, 1967). 
Both monthly and diurnal observa~ions were taken and are discussed in 
Sections 3H (4) and (5). 
(3) Sewage Discharge Rates - The Hawaii Institute of Marine 
Biology, Mokuoloe Island. cites a total 1963 sewage outflow into 
Kaneohe fuy of 0.26 x 104 m3/day; 1965 outflow of 0.46 x 104 m3/day; 
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and an estimated future out.rlow into the southeast basin as high as ' 
4 3 10.2 x 10 m /day. These values were based upon the Kaneohe (sewer 1) 
outflow and the.y illustrate the rapid increase, of sewage outflow into 
Kaneohe Bay. 
Figure 28 shows the results of the sewage data summation and oom-
parison previously disoussed in 4:ection 3H(2). The figure shows the 
total monthly mean sewage outflow' varied fram a low of 1.2 x 104 m3/day 
in September to a high of 1.4 x 104 m3/day in November. The results 
generally show an increase in outflow during the winter (October to 
March) and decrease during the summer. 
The records for Sewer 1 showed the outflow rate increased each 
day fram approximately 0.53 x 104 m3/day at 0630 hours to 2.35 x 104 
m3/day at 0830 hours. This outflow remained high until 2000 hours and 
then dropped slowly to 0.53 x 104 m3/day by 2400 hours. Peak outflows 
as high as 4.0 x 104 m3/day during the day generally oocurred at 0730. 
1130. 1430 and 1800 hours. The reoords for Sewer 2 showed a similar 
diurnal pattern, increasing fram apprOximately 0.,3 x 104 m3/day at 
, 0645 to 0815 hours to peak outflows of 0.7 x 104 m3/day at 1015. 1200, 
1400. 1545, 1730, 1830, 1945 and 2130 hours. The outflow generally 
, 4 3J dropped to 0.2 x 10 ~/day by 0230 hours. 
Figure 28 shows that the me~ln total sewage disoharge for the 
month of the volume transport a~lYSiS (April. 1967) was 1.35 x 104 
m3/day. The mean sewage outnoi for June 1966 to July 1967 was also 
1.35 x 104 m3/day (3.6 x 106 gal/day). This was divided into an 
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outflow from Sewer lof 0.82 x 104 m3/day and Sewer 2 of 0.53 x 104 
mJ/day. The estimate previously cited by the Hawaii Institute of Marine 
Biology of 0.77 x 104 m3/day agrees well with the rate of outflow re-
corded for Sewer 1 for 1966. Figure 28 shows a line fitted by the 
method of least squares to the plot of total sewage discharge. This 
line indicates a gradual increase in the total sewage being discharged 
into the southeast basin during 1966 and 1967. The line corresponds 
to a June 1966 discharge of 1.)) x 104 m)/day and June 1967 discharge 
of 1.36 x 104 m)/day. This gives an estimated mean yearly increase of 
300 m)/day. Sewage data for both sewers were obtained through 
January 1968. The mean increase in discharge from June 1966 (1.)) 
x 104 m)/day) to January 1968 (1.38 x 104 m)/day) was approximately 
500 m3/day. Most of this increase was from Sewer 1 because the outflow 
from Sewer 2 dropped from 0.53 x 104 m)/day to 0.)8 x 104 m3/day during 
'i; , 
the period from SeptElTlber to December 1967. 
Each day the tidal change resulted in a mean net volume being 
transported from the southeast basin of approximately 17.) x 104 m3/day. 
This is 0.4% of the total basin volume. Comparatively. the mean total 
sewage outflow of 1.35 x 104 m)/day for 1966 to 1967 corresponds to 
just 0.03% of the basin volume. The rate at which this sewage was re-
moved from the basin each day depended upon the amount of mixing of 
the sewage in the basin and upon the volume transports leaving the 
basin. This subject is discussed in Sections 3H(S) and (6). On the 
average. 2 to 4 tidal changes were required to return the surface 
phosphate content to its original level following a sudden increase. 
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(4) Phosphate Distribution in theBa;y: - The level of phos-
phate found in the fay is directly dependent upon the amount of water 
that leaves the southeast basin and the amount of stream runoff into 
the Bay. Figure 29 shows the mean level of reactive phosphorus in the 
lay each month. 
During summer periods of frequent short rain squalls, a large 
portion of the sewage added to the southeast basin leaves with the 
surface.circulation. Summer stratification aids in keeping both the 
sewage outflow and stream runoff on the surface, to be later removed 
b.Y this surface circulation. In contrast, the stratification in the 
basin during the winter is much less. As a result, winter periods 
of low rainfall and low wind velocities tend to produce longer residence 
times of the phosphate-rich water in the Bay. This begins with a slow 
mixing of the runoff and sewage with the water in the Bay. In the 
southeast basin this mixing is accomplished with the eddy flow around 
Stations 7 and 9 (Section jE(3).). The flushing rate of the deep 
wa ter in the southeast basin is much lower than the flushing of its 
surface water. As a consequence, a SlI'laller portion of the total sewage 
outflow leaves with the surface water during the winter. 
Most of the surface water leaves the southeast basin around Stations 
14 and 15. The major part of this, water then leaves the Bay through 
the southeast channel CMap 4). A Small portion. however, flows north-
west into the remainder of the &y, This portion of water along with 
the stream runoff from Streams 1 t6 8 is the source of phosphate for 
the remainder of the &.y. This water is rapidly disbursed throughout 
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the Bay by the circulation. Since the remainder of the Bay is much less 
isolated than the southeast basin, phosphate levels are much lower and 
the residence time of phosphate-rich water is less. 
A cofuparison of Figures 29 and 28 shows that the variation of the 
mean phosphate content in the entire Bay basically follows the pattern of 
sewage discharge during the winter months. During the summer months the 
patterns dtffer because of stratification in the .Pay. Only during pe-
riods of very high runoff was the phosphate concentration in the water 
entering the Bay from Streams 1 through 7 greater than the phosphate con-
centration in the Eay. As an example, Figure 29 shows that the month 
of very high rainfall (November) coincides with the month of the high-
est mean phosphate content in the .Pay. However. November was also the 
month of greatest sewage discharge. Maps 57 to 59 show that the runoff 
from the Waiahole t Waihee t Kahaluu and Ahuimaou Streams, immediately 
following the high runoff period in November, contained as much phos-
phate as the water in the southeast basin. This was the only month in 
which this condition was observed. 
(5) Phosphate Distribution in the Southeast .Pasin 
a. Observations of Surface Phos'Rhate - Stations 4 and 
10 are located directly over sewer outfalls. Comparing the yearly mean 
phosphate content of the water at Station 4 (Sewer 1) with that at 
Station 10 (Sewer 2) shows that the phosphate concentration at Station 
4 was 1/3 higher. The mean phosphate content at each station was: 
Station 4 = 1.430 microgm atms/l 
Station 10= 1.073 microgm atms/l 
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A typical value for the yearly mean phosphate concentration of the 
top 10 m in the open ocean is 0.04 microgm a-uns/l. Therefore. phospha.te 
concentrations in the southeast basin can be 25 to 3.5 times greater than 
the concentration in open ocean. The yearly mean phosphate value for the 
Ib.y is 0.)2 microgm a-uns/l, which is approximately eight times greater 
than the concentration in open ocean. The mean surface~phosphate ob. 
served at the 13 stations in the southeast basin during 1966 to 1967 is 
shown in Figure 29. A sharp seasonal drop in this mean value for the 
surface is evident during the period of October to January •. while higher 
concentrations are evident during the remaining . months of the year.·· Daily. 
surface phosphate values car vary from the mOhthly mean by as much as 
! .50% if the rainfall or wind conditions are sufficiently atypical. 
'rhe analysis of Figure 28 (Section .3H(3).) has shown an increase 
during the thirteen months in the rate of sewage beihg discharged. 
With just thirteen months of data from all stations. it was not pos-
sible to determine precise values for the increase in residence time 
or the accumulation rate of phosphate in the southeast basin. However, 
an increase in residence time or an accumulation of phosphate may be 
indicated when comparing both the surface and basin total phosphate 
values for June 1966 and June 1967 shown in Figure 29. From June 1966 
to November 1966 (5 months) the ~ean phosphate value for the entire 
i-
basin was 0.61 microgm a-uns/l, w~le from November 1966 to April 1967 
(5 months) the mean was 0.65 microgm atms/l. 
b. Phosphate Levels and Distribution - The circulation 
pattern in the southeast basin is primarily a result of the winds and 
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tides as has been discussed in Section 3E(J) and shown on Maps 2 and 3. 
Sineu tvJO sewer outfalls exist ay opposite sides of the southeast basin, 
the level of phosphate in the surface water along the shoreline of the 
southElc'lst bn.sin is generally high. The large eddy in the basin mixes 
the sewage from the two sewers. The highest level of reactive phos-
phorus in the basin 'VlaS 2.750 microgm atm.s/1 observed at 0900 hours on 
September 30, 1966 at Station 10. 
Figure 30 shows the typical distribution of phosphate on the sur-
face around Station 4·. The sewage outfall is located at the intersection 
of the SectionsC CC, and II> fD. The circulation pattern at this loca-
tion tends to move the phosphate-rich water west, keeping the water 
to'tvard the south sld e of the southeast basin. Figures 30 and 31 show 
this conditlon. High phosphate concentrations are also found in the 
tHO streams in this area (Keaahala and Kaneohe Streams). This high con-
centration is generally due to the intrusion of surface water from around 
Station 4 up the streams during the incoming tide or during strong trade 
winds. Figure 30 shows that measurements in March of the phosphate con-
centration up these two streams at locations past the point of tidal in-
fluence were comparatively low in phosphate concentrations, being be10~v 
the mean concentration for the surface water of the Bay. 
c. Effects of Stream Runoff - The Keaaha1a and Kaneohe 
Streams contribute to the phosphate content and the mixing in the south-
east basin. Figures 30 and 31 refer to phosphate measurements taken on 
March 4·, 1967. Temperature, salinity, and oxygen measurements were also 
taken on this day. The salinity distribution on March 4th is shown in 
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Figures 32 and JJ. On this day, the rate of outflow measured in the two 
streams was 2.8 x 104 mJ/day and the discharge rate from Sewer 1 was 0.7 
x 104 mJ/day. The density of the surface water at the stream mouths 
(24.880 C/12.J7 0/00) was much less than the density of the water in the 
basin (25.280 C/29.44 % 0 ), but the density of the water below 0.5 m 
leaving the streams (23.700 C/35.18 %0) was greater than the density of 
the water below 1 m in the basin (23.990 C/35.13 0/ 00 ). At the stream 
mouths. the stream; outflows between 0-0.5 m spread on the surface of the 
basin. but the outflow below 0.5 m sank slowly to 9 m. This flow joined 
the sewage leaving the discharge pipe lying on the bottom at Station 4 
and slowly rose to the surface with the fresh water sewage. The phos-
phate content in this rising water increased and its salinity decreased. 
This pattern of mixing can be seen by looking at the density of the 
water at a number of locations around Station 4. These values, along 
with the temperature and salinity cross-sections through Station 4 and 
the Keaahala and Kaneohe Stream mouths, showed the unstable denSity con-1-
dition existing at Station 4 on March 4th. The 'rising mix of bottom 
water from the streams and sewage outflow was centered midway between 
Sta tiona 3, 4 and 7 (Figures 30 and 31). Maps 57 to 59 show a similar 
condition around Stations 3S, 36 and 37 following the very heavy rains 
in November. The stream runoff, high in phosphate concentration, is 
shown sinking 5 to 10 m and flowing toward the northwest channel along 
the vertical face of the shoreline reefs. 
d. Effects of Seasonal Changes - The mixing of runoff 
and sewage described above (Section J H(S)c) is generally observed during 
the winter months. If, however, the rains have been very heavy or the 
Bay is more stratified due to higher surface water temperatures, the 
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runoff of fresh water from the Keaahala and Kaneohe Streams remains on 
the surface and joins the sewage rising to the surface at Station 4. 
This condition was generally observed during summer storms and during 
winter periods when the stratification in the lay was increasing 
(February and March). The isohalines in Figure 33, for February 11, 1967, 
illustrate this condition following a period of heavy rainfall. When the 
stream runoff, remaining on the surface of the southeast basin, joins the 
sewage rising to the surface at Station 4, the result is a high surface 
.phosphate content across the entire southern portion of the southeast basin. 
At Station 10. the high phosphate content in the surface water and 
the slightly lower salinities observed at this station are fram the 
sewage being discharged at this location. No stream runoff flows into 
the Bay adjacent to Station 10. All the sewage discharged at Station 10 
quickly rises to the surface and spreads rapidly westward toward Station 
8 due to the wind. The seasonal dlstribution of this sewage, from. its 
entry point into the lay at Station 10, is entirely dependent upon the 
wind conditions. A comparison of Map 23 (high wind), Map 33 (moderate 
wind), and Map 57 (no wind) shows the wind's effect on the spreading of 
the phosphate from. Station 10. 
(6) Estimate of Sewage Flushing from the Southeast lasin 
and the lay -
The phosphate concentration in the water of the southeast basin and in 
the remainder of the lay changes each month for two reasons. The first 
reason is that the residence time of the sewage entering the lay varies 
throughout the year due to the different amount of circulation and 
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stratification in the Bay each month. This variation is shown in Figure 
29. The second way fora phosphateooncentration change to occur is for 
a change to occur in the total volume of sewage entering the basin each 
month. This monthly vD.riation, and a slight annual increase in the 
total sewage outflow. is shown in Figure 28. The annual change was 
shown b"j' fitting a line by least squares to the monthly results. 
A residence time for the sewage entering the Bay can be estimated 
using the following relation (Hi'll, 1962): 
H6-1 A 
dA/dt 
where: 
~ = the total amount of phosphate in the water each month 
dA~t= the amount of phosphate introduced each month 
In using this relation it is assumed that there is complete mixing and 
that the concentra.tions in the Bay are at a steady state each month. 
This assumption is reasonable since the mean monthly increase in sewage 
outflow (500 m3jday) was just 3.7% of the mean monthly outflow (1.35 
x 104 m3jday). 
To calculate the approximate residence time of sewage in the my 
it was necessary to know the concentration of reactive phosphorus in both 
the B.'l.y and in the sewage outflow. The mean daily rate of set·rage dis-
charged for 13 months was 1.3.5 x 104m3jday. This is equivalent to a 
total of 5.5 x 106 m3 of sewage discharged during the year. The data 
for Sewer 1 (Kaneohe) gave yearly mean values for the phosphate concentra-
tion in the sewage being processed of 3'+. 7 ppm (incoming raw sewage) I and 
2'+.6 ppm (discharged sewage). A comparison of the 8m-Tage outflow volumes 
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and phosphate in the Bay (Section JH(2).) showed that these values can be 
considered as typical for both sewer outfalls. Using the total sewage 
outflow each month and the above phosphate concentrations in the sewage. 
d%t was calculated for each month. Figure 29 was used to obtain monthly 
estimates of A. The results of these computations gave monthly residence 
times for the entire Bay of 3.7 d.ays to 7.1 days, which averaged 5.1 days. 
Repeating the computation for just the southeast basin gave monthly res-
idence times of 1.2 days to 7.0 days, which averaged 4.5 days. Above 
average residence times occurred during October to April. Figures 39 and 
40 show that the effect of the peak outflow of sewage, normally occurring 
at 0730 hours each day, eas evident on the surface of the Bay at Station 
4 by approximately 1300 hours, and later at Station 13 by 2400 hours. 
These values show that it took approximately 16t hours on March 4 for the 
sewage that entered the southeast basin at Station 4 to reach the opposite: 
side of the basin. Except for some phosphate used by marine organisms and 
some absorbed by the sediments. this phosphate rich water eventually left 
the basin, and later the Bay. with the daily volume transports! 
The Volume of sewage discharged during the 13 months contained ap-
prOximately 122 x 106 grn of phosphate. If all of this phosphate had re-
mained in the southeast basin the phosphate concentration would have had 
to increase 1.7 ppm. Values obtained from Figure 29 for the mean phos-
phate concentration during the early and latter part of the study were: 
June to November 1966 = 0.0189 ppm (baSin)/0.0112 ppm (Bay), November to 
June 1967 = 0.0201 ppm (basin)/0.0115 ppm (Bay). These values give an 
estimated increase of 0.3 x 10-3 ppm in the phosphate concentration for 
the entire Bay and 1.2 x 10-3 ppm'for just the southeast basin. These 
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estimates indicate that 8 • .5 x 104 gm and 8.1 X 104 gm respectively were 
necessary to raise the concentration in the fuy and in the basin. These 
increases would be produced by a mean increase of approximately .530 m3/ 
day in the total sewage discharge rate. This value agrees well with the 
estimate of .500 m3/day obtained trom the sewage discharge records and 
Figure 28 (Section 3H(3).). 
All of the above estimates aosume that the phosphate concentrations 
in the southeast basin and in the Bay are due solely to the addition of 
sewage to the water and to the subsequent circulation of this phosphate-
rich water. Sufficient data was not taken throughout the year to determine 
the monthly contribution of the streams and shoreline runoff to the ob-
served phosphate concentrations. Figures 28 and 29, however, do show 
close agreement between the amount of sewage discharged monthly and the 
total phosphate concentration in the Hay. In addition, the water property 
distribution maps for phosphate (Appendix C-3) show the monthly phosphate 
concentration in the southeast basin was approximately five times greater 
than the concentration in the remainder of the Bay. These observations 
indicate that the sewage being discharged into the southeast basin is re-
sponsible for the high concentration of the reactive phosphorus in the Bay. 
Monthly fluctuations in the phosphate concentration in the &y trom 
the mean value for the entire fuy' can be great. The amount of this fluc-
tuation is dependent upon the tidras and meteorological conditions. The above 
results. however. do illustrate that the variation of 1.2 to 7.0 days trom 
the mean residence time of 4.8 days for each cubic meter of sewage being dis-
charged into the Bay each day can cause noticeable monthly fluctuations in 
the phosphate concentrations found in the Bay. For example, the highest mean 
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concentration observed (1.05 microgmatms/l in the southeast basin 
during September) resulted from th~ meteorological conditions. September 
," . , 
winds were above normal, rainfall and runoff were below· normal, and the 
stratification in the southeast basin was minimal during September. 
The s.ewage discharge became well mixed with the water in the basin. 
requiring a greater time to leave. During these conditions, a sub-
. . 
stantial part of the' sewagebeingdisoharged can mix With the basin 
water and remain in the basin wi tha residence time approxima..t~g as 
• • '"-----:-----"'_.~_' •. __ ,._ •.• "0_." •• ". ________ ~- •• -~--.'" --_.-. - "."- " 
high as J1 hours. However. throughout the year all of the sewage is 
Slowly flushed from the fay. The increase in the phosphate concentra-
tionin the &y from 1966 to 1967 was probably due to the increase in 
.. , " 
the amount of sewage being discharged into the fay during this' period • 
. This increase during the year • combined with the monthlY variation in 
, 
the phosphate concentration. resulted in a February 1967 concentration 
in the Bay approximately 62 times greater than the phosphate concentra-
tion in the open ocean. 
I. Distribution and Variation 01: the Water Properties in the fay 
(1) General - The distribution of water properties in the 
ray depends upon the circulation, sewage discharge, runoff and heat 
exchanged at the surface. The circulation. heat budget and sewage 
distribution have been discussed in previous Sections JE, Gand H. 
The variation of the water propert~es in the Bay due to preCipitation 
and runoff are discussed in the following Section JK. The present 
section is concerned with the obs~rved distributions of temperature. 
salinity, and oxygen and their seasonal and diurnal variation through-
out the Bay. The distributions of the temperature, sa.linity, oxygen. 
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and phosphate each month are shown in Maps 12 to 133. The distribution 
of phosphate has been discussed in Section 3H. 
(2) Annual Range of Temperature and Salinity Variations in 
the &y -
The water properties in the Bay changed throughout the year. Figure 34 
shows the extent of these changes With regard to temperature and 
salini ty. The figure was obtained by enclosing all of the data from 
the monthly surv~s for nine selected stations with envelopes showing 
the limits of data taken at the station or stations. The stations were 
selected on the basis of their locations relative to the ocean. streams. 
reefs and sewage outfalls. The seasonal variation evident in Figure 34 
shows that the character of the water at the nine locations can .vary 
substantially throughout the year.· This variation is discussed in the 
folloWing Section 3I(3). 
The seasonal variation of the temperature and salinity in the Bay 
is different depending upon location. Stations 4. 31. and 37 are 
located along the shoreline where streams empty into the Bay. In these 
areas the widest annual variation in both thetem.perature (19";280 C) and 
salinity (31-J5 0/00) was found. Station 39 is located in the deeper 
shoreward portion of the Bay. Here, a wide annual ternperature varia-
tion (20 .. 27°C) and moderate salinity variation 03-35 %0) was 
observed. Sta tions 2} and 30 are located on reefs· where the highest 
temperatures and salinities were observed (290C and 36 0/00). Station 
25 is on the shoal sand flats just inside of the Bay entrance line 
(inner boundary). Here, the annual temperature and salinity variation 
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was relatively small (23-27°C and 34-35.50/00). ffhe water at Station 
22 was considered to vary annually in a manner similar to the oceanic 
water outside of the Bay. At this station the annual variation was 
the smallest of the nine stations, with the temperature ranging from 
24 to 27°C and the salinity from 34 to 35 0/00. 
In constructing Figure 34 the dates on which the data for the 
nine stations were taken indicated that each station envelope could be 
divided by season; therefore, Figure 34 was divided into three sections. 
During the months of November to February, the mean temperature of the 
Bay remained below 25.6°C and the salinity below 34.8 0/00. These 
seasonal ranges represent area weighted mean values (Section JG(2» 
for the entire water column at each of the nine stations. DUring the 
months of Map to September the mean temperature of the Bay was above 
27.4°C and salinity above 35.3 %0. During the months of September 
to October and March to April the mean water temperature ranged from 
25.6 to 27.40C and the salinity from 34.8 to 35.3 0/00. 
(3) Basic Distribution of Different Water Properties -
Generally, the distribution of water properties in the Bay can be 
divided into three consistently different areas, each showing sub-
stantially different daily and annual variations from the other two. 
These areas are: 
1 - The water at the Bay entrance - The water flowing past Station 22 
was considered typical of the oceanic water supplied to the Bay. 
All water properties observed varied considerably more for 
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stations within the Bay than for Station 22. The ranges of tem-
perature and salinity variations at Station 22 were one-fourth of 
those at the stream mouths. and one-half of those of the deep 
stations in the Bay (as Station .39). 
2 - The water over the shallow areas- The extensive shallow-reef areas 
(shallower than .3 m) have a major influence on the water property 
changes in the Bay. Current observations and density computations 
(Section JE) showed that the water passing over the reef areas 
mixes slowly with the deeper inshore portion of the Bay. Due to 
the large number and size of these reefs, this mixing caused the 
monthly mean temperature and, generally. the mean salinity in the 
&y to be greater than the oceanic water during the summer. 
3 - The water adjacent to the stream mouths - Stream runoff into the 
areas around the stream mouths (Stations .31. 37. and 4) also has 
a major influence on the water properties in the Bay. 'I'hese areas. 
which comprise approximately 15% of the total Bay surface area at 
msl. are of particular importance during the high-rainfall months. 
In the winter the runoff mixes with the entire water column, but 
in the summer it normally remains on the surface. increasing the 
stratification in the Bay. 
(4) Seasonal Temperature Variation 
a. General - The greatest variations in water tem-
perature throughout the year were found in the areas along the shore-
line. adjacent to reefs, and in the southeast basin. In these areas 
the influence of diurnal heating. orographic rain squalls. and runoff 
was substantial. As a comparison, the shoreline areas of the Bay 
10[\ 
varied up to 0.7°e diurnally and 8°e yearly while the central area of 
the Bay varied up to 0.5°e diurnally and 4°e yearly. 
b. Yearly Range - Figure 26 shows the surface tem-
pearture at four stations, and the mean for all 51 stations in the lay, 
throughout the year. The greatest annual difference in the water tem-
pearature for any depth and between any of the stations in the &ywas 
8.20e, while the minimum annual difference between any of the stations 
was 3.loe. The four stationsgiveri in Figure 26 were chosen on the basis 
of the annual var:i.ation observed at these locations; large variation at 
Station 4, medium variation at Stations 23 and 50. and s!lla.ll variation 
at Station 21. The figure shows "the surface water temperatures in the 
° . Bay ranged from 19.5 to 27.8 C dl::ring the year. In March 1967 the total 
difference between any of the 51 stations was 10e while in November 1966. 
the difference was4°e. The temperature of the water at Station 4 
showed. the ma.Ximumyearly variation of 8.20e, while the minimum yearly 
variation of 3.loe was observed at Station 2,2. 
The difference between the monthly mean temperature for the entire 
lay (area weighted for 0-. 5-. and 10-m depths) and the ocean (Station 
, ° 22) was +0.3 e. the lay being warmer. During the winter. approximately 
two-thirds of the Bay was t to 10e cooler than the open ocean. but in 
the summer the entire lay was It to 20e warmer than the ocean. The 
monthly mean temperature variation between the 51 stations, for 0-, 
5-. and 10-m depths. ranged fram 0.900e in October and December to 
0.050C in September. The mean range during the year for the difference 
in the water temperature at the three depths and between any of the 
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. . . 0 
stations each month was 0.31 c. 
(5) Seasonal Salinit:x Variation 
a. General - The stations along the shoreline by the 
stream mouths (Stations 31, 34, 36, 3?, 43,44. 51, 3, 4, 5 and 6) 
showed, the greatest variation in surface salinity throughout the year. 
The fresh water runoff mixes with higher salinity water on the shore. 
line reefs. generally resulting in an ave~age salinity for the water 
column slightly lessth(ln that of the ocean. 
Runoff during high ~ainfal1 periods can add a very low salinity 
layer to the surface of the fuy which can still be observed 1 to 4 days 
late~. This condition was observed in November, following very heavy 
rains (Map 51). The November data were taken during a strong outgoing 
tide, after five successive days of very heavy rain. The resulting 
runoff lowered the surface water salinity at Station ')7 5 0 /00 below 
that at Station 22. During periods of low rainfall and low cloud cover 
the temperature of the wate~ on the shoreline reefs increases, thereby 
increasing evaporation. As a result, the salinity du~ing these periods 
can be slightly higher than the salinity of open ocean. 
b. Year~ Ranl?;E. - Figure 35 shows the monthly mean 
su~face salinity at four station~, and the mean for all 51 stations in 
the fuy, throughout the year. The greatest difference observed during 
1966-1967 in the salinity of the water for any depth (0, 5 and 10 m) 
and between any of the stations in the Bay was 8.2 0/00 • In contrast, 
the salinity variation at Station 22 was just 1.0 0/00 during the year • 
. , 
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The substantial effect of the rainfall and subsequent runoff on . 
the surfacesalJ.ni ty of the Eay during the months of November. April, 
and May is eVident in Figure 35. The mean of the observed surface water 
salinity during these months is lower than the yearly mean surfaoe 
salinity for the Eay Qy the following amounts: 
November = 3.85 0 /00 (..;10.9%) 
April = 0.89 0/00 
. 01 May = 1.22 ·.00 
(- 2.5%) 
( ... 3.4%) 
These values show that the yearly variation of the surface salinity 
is substantially influenoed by the yearly precipitation. 
(6) Stratifioation - Stratifioation in the Eay inoreases 
during the summer months. Figures 36 and 37 shOW typioal examples of 
the temperature and salinity stratification during July. The seasonal 
eXtent of this stratification and the effect od diurnal changes are. 
described below: 
a. Thermocline - All of the temperature data from the 
monthly surveys were averaged by area for three depths (0. 5 and 10 m) 
and the results are plotted in Figure 38. The figure shows the annual 
variations in the temperature stratification. A weak thermocline is 
evidentfrOll1 May to August. Though not apparent in Figure 38. the upper 
t m in the Eay was generally vertioally isothermal. Below this waS a 
mean vertioal temperature gradient of _0.150 e/m extending down to at m 
during the· summer. This value of at m was obtained by averaging values. 
that were recorded during the monthly surveys t of theqepth at which the 
temperature gradient changed. This ohange was observed to vary during 
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the summer ::t 1 to 2 m from the st m depth. Below st m the temperature 
gradient in the summer decreased to _0.020 C/m. During the months of 
September to November and February to April. the temperature gradient 
was _0.020 C/m from the surface to the bottom. Storms, cooling of the 
surface. and stream runoff generally keep the gradient at a minimum 
during these months. December 1966 and January 1967 were two consecu-
tive winter months of relatively low cloud cover and few storms. During 
this period stratification started to develop from the incoming radia-
tion, but it was later destroyed by mixing from the storm activity in 
March and April. 
b. Diurnal Changes of Temperature and Salinity - The 
diurnal temperature structure at ten stations is shown in Figures 39 
to 48. The data were obtained once each hour for 36 consecutive hours 
during March 3, 4, and 5, 1967. Figures 39 to 48 also show the observed 
diurnal variations of temperature, salinity, oxygen and phosphate. 
Figure 49 shows the tidal curve for the period of observations. The 
results show that the diurnal variation can substantially change the 
stratification in some areas of the Bay. 
The diurnal temperature variation is considerably different at 
different locations in the Bay. As an example, Stations 35 and 45 
are in areas of more active tidal circulation than is Station 40. As 
a result. the maximum diurnal temperature change at Station 40, re-
gardless of depth. was much less. The diurnal variation at Station 
35 was 0.36°C, at Station 40 was 0.120 C, and at Station 45 was 0.330 C. 
lIZ····· 
Statiort5l(Figure48) showed the greatest annual varia~ioninthe 
diurnal temperature diff,erence between the surface (0 m) and the bottom 
(i2 m). This station is located~n the narrow cha.nrtel south of Molfuo16e' . 
~ '. . ." : - . . . . . .".. -
Island. .' The runoff leaving the1Ceaahal~ arid. Kanebh.eStreamsin the 
. . ".' '. ~ , ... 
summer ranainson the eurfadeasi t leaves the southeast>btisirl and flOws 
. '. .: ' .. .: ......... , . ", ", 
through. this channel •. Rain squall$ in the summer varyrli~fnal1y'(U .S. 
Department of Commerce. 19.54) and ,therefore. the runoff proba.bl:y' 
. ..", 
contribUtes to, this diurnal temperature variation at~tat~oti51. 
• • t", 
", Stations 4 and .51 showed tli.e greatest diUrnal variation. in the 
", ....... ," 
salinity of the surface water '(Figur~s 39 and 48).' Thistoow~s a , 
result of· the stream runoff leaving the southeast basin byflowihg" 
along the shoreline toward Station 51. 
. '.: -" 
'In g'eneral, the d iuroal varia:tionof temp~~t\lre·arid.sal:\ni ty ,in 
the Bay waS limited to 10:C and 0.40 0/00. Thesevariatiollsareap..; 
' .....•. 
, . 
proximately 1/8 (temperature) and l./5 (s~linity) Of.thesea$onal' ch,anges. 
. . : . . 
, ' 
Therefore" the seas,onal changes had the predOll1inanteffect, on strati';;', 
, ficiationin the Bay. Some diurnal temperature changes t particularlYih 
the water flm-ring over the reefs. did tend to' increase 'the strat:tf'ica- ' ' 
tion in, thewa tar surroundihgthe shoal areas. 
". " 
(7) Effects of Heatihg and Evaporation on the Temperature 
and Salinity in the &y .,.., .,... '. . . -
a. Observed Temperature and SnlinityChanges inth~ 
Wa tar· Flowing oVf11: the' Shoal. Area,S .. ,,' 
'. ' 
ThefJ.ow of water over the entra,pce reefs' has been shown in Section F" 
to be the major source of the vqlume of water ,enteringthe :thy. The 
,.'\,' 
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increase in the temperature and salinity of the water flowing from 
Station 22 to Station 23 is generally very noticeable. These stations 
are on a line orthogonal to the entrance of the Bay. The mean increases 
observed in the temperature and salinity of a water column flowing from 
Station 22 to 23 during the months of November and August were: 
Month 
November 
August 
Conditions 
(high rainfall) 
(low rainfall) 
Tanperature 
+ 1.600 G 
+ 2.030 C 
Salinity 
+ 0.11 0 /00 
+ 0.90 0/00 
The mean rates of increase from the above values for the separation 
between Stations 22 and 23 of 1464 meters are given below alang with 
canparative values for the mean rates of tanperatureand salinity in-
crease observed in the water flowing over the sand shoal flats 
(Stations 27 to 26) and in the northwest channel (Stations 28 to 33): 
Central Reef 
Sand Shoal Flats 
Northwest Channel 
Temperature Gradient 
. 4 -4 0 / +12. x 10·· C m 
+ 0.5 x 10-4 0 C/m 
-4 a / + 0.2 x 10 C m 
Salinity Gradient 
+3.45 x 10-4 0/00 1m 
+0.43 x 10-4 0/00 /m 
+0.20 x 10-4 0/00 /m 
The rate fjf increase of temperature/salinity in passing over the reefs 
from 0.5 m to 1.5 m depth is twenty-five/eight times greater than that 
for the sand shoal areas (4.0m deep) and Sixty-two/seventeen times 
greater than that for the northwest channel (10 m. deep). These values 
represent an average of O. 5 and 10 meters depth for each water column. 
This clearly shows the substantial influence of heating and evaporation 
on the reefs in altering the tanperature and salinity of the water 
entering the Bay. 
b. Estimate of the Temperature Increase - An estimate 
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of the temperature increase for comparison with the above results was 
obtained using the results of the heat budget caloulations. If the 
water show1ngthe highest heat gain for Juljr iSoohs:J;,dered to be the 
water tlowing trom Station 22 to 2). thetanp~:r.ature inoreaseoan be 
! 
calculated knOwing the amount of ' heat absorbed by the water. Thedi .. 
urnal heatingot the water betwe(~n·the two stations was estimated f:t'om 
the d::l.ilyvalues of the July heat exchange at the surfaoe of the ~. 
. . ", ,.,.".,,", "'. ,.' ," 
Thesurfaoe heat~change computations usecJtoUJ:'tofivesetsof data for . 
". • • • :' • '. : > '~.' • 
each day' in July-' . The resul ts, aVEWaged for an incQlI1ing and outgoing 
tide are (oal/clY?) : " 
. ," , 
Sunrise to Noon ,Nocmto Sunset 
Heat Gained 
Heat Lost 
Ba1an(Je 
.. + 239 
"-162 .. 
+77 
+.239 
-
15S 
.,.. 84 
0.··· 
·4121 
'~, 
" ",' , .. " 
-121 
+ 478 
~ 438 
'+ 40 
The incoming radiation was equa:tlYdivid-f)d,intotwo parts ~th the 
divisi~n b~ing at 1200 hours. The heat l¢st fr'oms1ll1I"iseto sUllset' 
was obtained from a mean of the tour t()" ;f:ivedaily ,surface' heat eXchahge 
results for July. alongW1 th Tables VIII arid X.ani{Maps5and 6. The 
• . . ,. .• ':. .i " '", 
qiff~rencebetween the total amount o:f heat lQ~'t dailY~hdthe loss frem 
sunrise to sUnset was attributed to losses dUr'ing then1ght.The tem-
.. . 
per::l.ture rise ot the water colUllln (1.6 ·~mean~epth)bY·'noon. therefqre. 
. . . . . . . 
was due to the absorption of approximately 77 cal/drn2• Values ¢an be 
, obtained:i.na similar matlnel:' . for Novembel:',aIldMay frOltltb.edaily and 
monthlyhe{it budgetresults,,-
The temperature increase in a waterc,olUllUll err?- ol'l.1;;hesurfacecan 
~ .. . .' 
be expressed' by the following relation: . 
J4-1 AT 
where: 
.~ Q 
... . 
Jj C h r' 
/). T= increase int-he temperature of the' water ooiUIl1ll 
. '·2 IlQ= heat absorbed at the surface (cal/cp!. ) 
p = density of the water: 
us 
C, = specific heat of sea water .at a mean tattperature and salinity 
h = mean height of the water column (em) 
The abOve expression was used to estimate the increase, in the water 
, ' 
temperature by noon, which was compared to the tanperatureincreases 
observed during the monthly surveys. The results of the comparison 
for July, Novei:nberand May are: 
July 
November 
May 
Estimated Temperature 
Increase 
. 0 
+ 2.0 C 
+ 1.4°C 
+ 1.40 0 
Obs5ved Temperature 
"Increase 
+2 .• 03°C 
+ 1.600 C 
+ 1.390 C 
The values compare well, emphasizing the importance 6f diurnal heating 
. , ' 
of the water that slowly flows across the shallow reef areas. The 
monthly survey data used for the Novanbercomparison wasoptained on 
a day following four days of very heavy rain. This day. therefore, 
did not represent an average day for the month, of November.' 
, . ' 
c.Estimete of the Salinity Increase -An analysis 
similar to the preceeding section wascompletad to EU3timate the 
increase in the salinity of the wat-erflowing from Station 22 to 23. 
This location was chosen since it is also the area of the greatest 
ll6 
observed salinity increaseS. The increase in the salinity of a water 
column was calculated using the follOWing relation: 
J4.2 
. . 
AS ·;::: salinity increase of the wat.€lr colufurl 
. So;::: initial salinity (at Station 22). 
b;::: depth of the water colum.n(em) 
E;:::BlI1ount of evaporation (em .. fran thehea.t budget results) 
p ::: . amount of precipitation (em from observations ) 
",:"', ,' . " , ','" . 
Computa. tiona were completed for July and August when the precipitation 
wasverylow~arid for Novemb€lrwhen the precipitation was very high. 
The comparison of 1;,he estiInateswith the · observied salinity increases 
for these months are: 
July 
August 
November 
EstiJllated . Sglini ty . 
Increase · · .. 
0.5 0 /00 
0.7 0/00 
0.2 0/00 
0.41 "0/oo 
0.90 .% 0 
Odl 0/00 
The observed values are taken from the monthly survey data. The 
results indicate that the observed salinity changes in the incoming 
water were due priJllarily toevaporatiorifI'om the surface. The estimate, 
however. does not include the effect of reCirculating water at the 
entrance of the Bay (Section E(3». 
(8) Dissolved Omen in the Bay 
a. Distribution and Changes in Concentration - The 
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observed dissolved-oxygen content of the water in the Bay varied con-
siderably diurnally and with location. The distribution in the Bay 
showed that specific areas remained 'Vrell above and below the mean for 
the Bn.y. The '\-J'uter property maps (Map Appendix 3) show the dissolved-
oxygen concentrations observed at 0, 5, and 10 m depths throughout the 
year. 
High oxygen concentrations were found at the entrance to the Bay, 
because the entrance is essentially always lined with surf· breaking on 
the reefs. Oxygen concentrations of 5-6 ml/l 'VIere consistently found 
during daylight hours on these reefs and in the surface waters around 
the reefs. The large number of reefs located along the shoreline in 
the Bay raised the dissolved oxygen concentration in the water at these 
loca tions to LI-_ 5 ml/l. However, shoreline areas around some stream 
mouths (Stations l.h 31 and 37) showed a drop in the oxygen level to 
3l-L~ ml/l. This is probably due to the deposition of silt carried by 
the fresh water outflow from the streams. which 'ft.Tould greatly reduce 
the amount of live reefs in these areas, and therefore, also reduce the 
oxygen production in these areas. During very heavy stOrn1S, the cold 
fresh water runoff entering the fuy from the streams resulted in oxygen 
levels as high asL!--i-5 ml/l at the stream mouths. 
Taking a mean (by area) of 'the oxygen concentration at all 51 
stations throughout the year in the 0-3 m layer at 1200 hours gave a 
value of 4.5 ml/l. . The variation ·from this mean 'ft.JaS +0.9 and -0.6 
ml/l depending upon the seasonal water temperature •. The mean oxygen 
concentration in the 3-8 m layer was 4.3 ml/l with a seasonal 
variation of +0.4 and -o.} ml/l. Below 8m the mean concentration 
was 3.9 ml/l and varied seasonally from +0.4 to -0.41i1l/L Inthe 
sQutheastoo.sin the monthly mean (by area.) oxygen conoentration of 
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the water adjacent to the sewer outfalls dropped:to~elowas2. 5 nil/l. 
ThielOW' dissolved oxygen concentration was found at, any depth 
(0. 5 ~d 10m) depending upon the circUlatiC)n.but was most frequently 
found near the bottom- ," 
b. Areas of Sources and Sinks.-Sonte9areas on the 
, . . ," '". '". . .,' : 
.' entranoe reefs have extensivegrowi:.hs of PhaeophYti benthic a;Lgae. 
. . . . .. . . 
",': ....." 
Since fiXed algae are efficient producers. their contribution to' 
"" " . "'" . 
dissolved oxygen during daylight hours.can be sizable. Thiswas 
, . '. . .'. . . ~ .. , .'. ,: ; 
, , 
particularlytrueot the area surroundingStatibris23 and 24,' since 
the bottom in this area is covered Withe. 4to8';':Lrioh growtho:fthe 
. ". . .' ,.. ... ,''-:'."; ," . 
algae~ "High. dissol V'ed-oxygenconCer1trat~ons ~we:re oOl1sistently found 
, , 
in this area- High ooncentrations w~e, also consistently: found around 
. ~ . . 
Station 4.5. where the area is heavily congested w:Lth reefpa,tohes 
, , 
. .' .. . 
of Porites. Montipora. and FunSa, corals... Thec-iroUlation around these 
reats was weak. arid theretore the amount 0:td1'~~,0:Lved"oxYg,en retail),ect 
. , . ~ .. _.r.\~:· " 
in this area was high. 
The oxygen distribution in the southeast basin depends upon 
: . . .. .- .. 
circulation. During an incoming tide. the eddycirct4ationin'the 
. , . ", ", 
basin is increased from the inflow atStatio~.51..'r1ti.s inflow keeps 
the water of the southernportitin of' th~ basin circu1~tingclookwise 
, very close to the south shoreline. The 'oxygen levelsrElnain low in 
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this area (Stations 3,4, and 5) due to the absence of live coral and 
to the addition of sewage at Station 4. The water circulating in the 
remainder of the basin passes Stations? and 9. The reefs at these 
locations increase the dissolved oxygen level during daylight hours. 
If the wind is from the north, water that is low in oxygen concentration .. 
from the area a:c"otmd Station. 10 joins the water arotindStations7 and 
9 and lowers the oxygen content in the water from 0 to 5 li1 depth. 
The water flowing past Stations.? and 9, continues counterclockwise 
". ! 
around Station 8 and slowly iric%'eases in oxygen content. 
When the tide changes to outgoing, the water of low oxygen content 
fr·QlIi the small clockwise eddy in the southern portion of the basin 
is drawn north into the. large counterclockWiseed~ a:c"~)tind Station 8-• 
. This slightly lowers the oxygen level in~he large eddr.particu.larJ.y 
on the surface. As· aresul t the oxygen levels in the entire basin can 
drop as much as 40% if the addition. of sewage at Station 4 (or 10) was 
high.· Map 66 shows thesecondi tions following a strong outgoing tide 
in Decanber. 
c. Diurnal O?S£gen Variation .. The sariesof· diurnal 
measuranents taken on March 3,l.hand 5. 196? shown in Figures .39 
through 48 included mea:surElllent of the oxygen. vari~tion at the ten 
selected stations. The mean diurnal variation in the oxygen concentra-
. tionof the surface wter at the tenstations ~s± o.4hil/I (±J.l%) 
with the water at Station 23 showing the highest diU:c"rlal oxygen 
variation of :t 0.8 mIll (23%). 
The water at all ten stations observed did s~ow diurnal Variation in 
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the dissolved oxygen content of th6 0 to 5 m layer. Frequently, at 
depths below 5 m, the oxygen concentration varied diurnally in a dif-
ferent manner than in the surface water. This was probably due to the 
circulatioh below 5 m. The deep wilter generally moved in an opposite 
direction to the surface water, and therefore contained different 
oxygen concentrations than the upper layer because it flowed from a 
different area. In contrast, areas of weal< circulation (Stations 4 
and 40) showed that the diurnal oxygen concentration at all depths 
varied in a manner similar to the surface water. 
J. Estuarine Conditions in the Bay 
(1) General - The emphasis of the discussion in this section 
of estuarine conditions in the my is placed.upon the streams alJ,d areaS 
around the stream mouths. The outflows which empty into the southeast 
basin from the two streams primarily used for the discussion (Keaahala 
and Ka.neohe Streams) were observed during February, MarCh-and November. 
(2) Estuarine ClaSSification - Numerouscla.ssification 
systems for estuaries have been 'proposed. The classi.:f1cation method 
chosen (Hill, 1962) was applied .only to the strearnsand stream mouths. 
Classification is by the ratio of the runoff volume to the tidal 
volume. Estuaries are defined as highly stratified if the runoff 
volume to t.adal volume ratio exceeas 0.8, partially or moderately 
stratified if the ratio is between 0.5 to 0.2, and well mixed or 
vertically homogeneous if the ratio is less than 0.1. This method 
was applied only to the stream areas because the amount of runoff is 
normally a very small fra.ction of the total southE3astbasih volUl11e. 
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In addition, the basin did not show gradients of salinity and density 
associated with the progressive admixture of fresh and saltwater 
anywhere in the deeper areas of the basin. The streams, however. 
particularly those off the southeast basin, do show salinity gradients 
and do have a runoff volUllle to tidal volume ratio greater than 0.1. 
They were therefore considered estua:dne under the claSSification 
system used here. 
The approximate ratios between the mean daily (fresh water) 
volume of runoff and the mean daily (saltwater) tidal volUllle exchanged 
during February and March in the Keaahala and Kaneohe Streams 
(averaged for the two streams) was: 
. Month Runoff Conditions during 24.hours 
Februar,y 13.5 m3/sec 
March 1.5 m3/sec 
Ratio at the MaXimum Ratio at the Minimum 
Tide Change .Observed Tide Change Observed 
(Freshl Salt) (Fresh/Salt) 
0.26 
0~06 
During November J to 7. 1967. 30.7 em (12.09 in) of rainfall fell on 
the Pay and shoreline. The runoff frOlll November 5th to 8th approached 
flood conditions. The approximate estuarine ratios for the Keaahala 
and Kaneoh~ Streams during these conditions were: 
Month Runoff Conditions during 24 hours 
Ratio at the Maximum Ratio at the }linimum 
Tid~ Change Observed Tide Change Observed 
(Fresh/Salt}>... . (Fresh/Salt) 
! 0·36 1·32 
The claSSification limits (Section lJ(2»indicate the Keaahala 
and Kaneohe Streams were partially stratified in February (mean ratio 
for maximum and minimum tide = O. 59) and well mixed inMaroh (mean 
- , 
ratio = 0.12). During Novelllb,er the mean ratio was 0.82whioh clas-
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sified the streaJl1S as highly stratified during the highra1rti'all period. 
In general, the results show that the ratio of fresh to salt 
water in the streams can vary conSiderably throughout the year. 
Figure 56 shoWs that 97% of the year the rainfall at Mokuoloe Island 
- , 
-does not exceed 0.8 in/day, whiohcorresponds to a stream. outflow of 
6.2 mY/seo.This outflow indicates that the Keaaha1a and Kaneohe 
Streams remain partially stratified (mean ratio~0.5) during 
essentially allot the yea.r~ 
- , 
(3) 'Ciroulationand sa~linitYIntrus~oninthe Streams -
, -
Salinities in the streanis deoreas"ed up each strea.mfrom the mouth. 
The' bottom salirti ty normally, exceeds the' stu:'facesa1:i.ni ty by 10 to 
201&. At the mouth of the streams.ciroulation reV"~sed with each 
tidal ohange. Further up each stream an, ebbctu:'rentusUally pre-
dard.IUl ted. 
" ' 
EKa.nlples of typical interfaces found inthet3treams nClWing 
into the southeast basin are shown in Fi~es 32 and:;:3t! .,Thesalin1ti 
intrusion in these streams was 10 to 20 aiI1below thesilrface. 
Figure 32 shows a sudden decrease inthesurfaoesalinityata 
. -." 
, ' 
- distance of 185 111 up the KeaahalaStream from the mouth. This also 
. . . 
is the distance up the stream where the bOttoitthas,l:)$et;;.;tb;oedged :tor' ," . 
12,3 
the entranc'a ,of a' small-boat marina. The salinit1essho]iJl1 in Figure 32 
for the Kaueohe Stream indicate a SiIlli:I.al:'sudden decreaseJ30',m up the 
stream. ',This is the point at which the stream depth abruptly changes' 
:tr0lil 80 om, to 20 cm~Most' of 'the,rnixingOffreShand' saline, waters in 
. . , , 
'these ·cwo streams was observed at these,locations.A1J.().rtheremaining 
streams along the ':&y have similar tidalinirilsiolls, With, the saline and 
f'resh:wa, tar tJl:lxing at a point upeaoh,s~,~eam'" " 
K.' Precipita.tion, and StreamRHtt0¢;f< ',' " " 
(1) General -The temperature andsa:1:1.hity Of"tha ~aterin 
the Bay establishes the water density. The diurnal aA~'seasonal varia- ' ' 
',' .: :~. ,,: ..... 
ti~m oftha density:i.,san amportant f~cto;t'iri,fillep.cihg thecirctUation 
'. ,.',. "' .'. . "';,':,.' '., . . -
and stratification in the Bay. The extent tO~hich,thes'ewater prop ... 
. . , . ' : ~ . . " . . ~ - :: . 
" erties areal tered by evaporation and heating h~s 'been discussed in the 
. '-,"",. . 
previousSectio113I(7). The, character of thewt!teralS~~hanges by 
dilution ana" cooling from' precipitation and,st~~runO:f.'f. "The object-
". . ",',;' ': '." ._. . " 
ive of the present section was to fin:d'theeXt$nt:6f"th~sechariges 
. . ,." , :'"' 
during 1966-1967, and t'OcOinparethe res1.t1t~r w:i.:thp~styea.rs. ,.' 
(2) Data and Methods ofAnal:ysis-SOlll~.p:redipft,ation and 
runoffdat~:were available back to 191, (Territpr:lal.PlS-Mling Board. 
1939). Daily precipitation and runoffva1ueswere ,obtainedfroin . this 
data. The precipitation andrunotfanalyses completed .how'ev.er t used 
. . .'. .' 
just datafr.om 1937 to 1967 Since these~ecords were cont.inuotis(U.S. 
Department of Commerce - Geological sur~eyt 1966; U.S. Department of· 
, , ' 
Comnierce..Geological Survey t 1963; u. S .JJepaI'tment dto_eI-c e':' 
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G·eological Survey. 1965). Mokuoloe Island precipitation data from 
1954 to 1967 were also used. This qatawere used to correlate the pre.;. 
'cipitation with the total runoff for theper10d of 19,4 to1967. 
Calculations were also made to determine the individual contribution 
of ea,ch of the ten streams to the total runoff. 
(3) I:2cation of the Streams and their Ctintribution to the 
" ,Total, Runoff -
Figure ,50 shows the ten streams that contribute runoff to the fuy. 
Seven stream mouths ampty into the ,&y frOlll theseten~EJtreams. 
. . ," "" 
Streams numbered ). 4; and 5combinedirtto6he strea.min6uth, as do 
Streams 6 and 7. Streams 8. 9. and 10 empty into the southeast basin 
along al290-m section ,of the b~'sin .sh.oreliri~~ The weather stations 
listed in Figure 50 are given. for referehoe bl1l:r~nd were not used ill 
the analysis. The qrainage areas given in Figure 50 alohg nth the 
. ."", . 
locations of maximum probably rainfall (0 .s~ Departinentd:t Conttnerce-
Weather BUreau. 1954) indicate that Streams l.&nd 9ha",~ the greatest 
potential runoff. ' 
Figure 51 shows the contribution of each strerunto .the totai 
.... '. 
runoff' for irlcreasing amounts ofl"ainfall.Streafus 1 and 9, at each 
" .., "'I":, ,-:' ," '," ' " 
end of the fuy, show an increase in percen~ contributed to the total 
runoff With an increasing amount: of daily'rainrall. 'The relative con-
tribution of the remaining eight streams must ,therefore. decrease. . 
Stream No. 3 shows a rapid decr.~ase iIi the percentcont:i;'ibuted to the 
, ' , 
total, runoff with increasing ra:i,ntall. streamS2<;·4~8.: .EtridlO maintain 
" , 
a relatively constant contributio~ to the totalrUho¥.f~:jd~ing increas ... " 
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ing rainfall. while the remaining streams increase rapidly. There-
fore, the outflow from these seven streams must increase proportionally 
with increasing rainfall, and only the outflow from Stream 3 remains 
constant or decreases. 
Using the daily mean observed rainfall at MokuoloeIsland during 
June 1966 to July 1967 of 0.19 in/day (0.47 am/day) ,along with Figure 
51. it was found that Streams 1 and 9 contributed approximately 44% of 
the total runoff into the Ehy.Figure 51 also shows that the three 
streams emptying into the .southeast basin contribute approximately 50% 
to thEi total runoff in the fuy. Thus, during heavy rains (greater than 
0.5 in/day) the southeast basin and the northwest portion of the fuy 
receive the major portion of the total runoff (approximately 78%). 
(4) Yearly PreCipitation and ComEarison with Past Years -
Figure 52 shows the total rainfall observed each month during 1966 and 
1967. The rainfall varied from a low of 1 in during June to a high of 
15.5 in during November. The mean rainfall for 1966-1967 was 5.7 in/ 
month. The rainfall recorded during the past 6 years (Figure 53) 
varied from 2 to 8 in/month with a mean of 4.5 in/month. May is nor-
mallythe high rainfall month, however, during 1966-1967. November 
was the month of greatest rainfall. August is normally the month of 
least preCipitation. as it was during 1966 ... 1967. 
Figure 54 shows. for the months of high and low ra.infall, the 
variation in the total monthly rainfall· during 1960 .. 1967- The results 
show that during August the rainfall was consistently low. August was 
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also the month showing the least variation (± 0.6 in) from year to 
year in the total amount of monthly rainfall. In contrast, April, May, 
and November showed the greatest variations of t 12.2 in/month, :t 10.8 
in/month and :t 10.0 in/month. respectively, in the total monthly rain-
fall during 1960~1967. Generally~ the variation in monthly rainfall 
from,year to year was largest during November. For example, the rain .. 
fall during November 1965 was 28 times greater than the rainfall during 
November 196Z.Therefore,during Novanber (and, during March and April) 
the estuarine conditions in the streamsahdat, stre8Jll:tr1ouths may vary , 
consid erably from year to year .. 
The wind data consisted of three to five daily values, which were 
plotted to show the diurnal variation and to es:timate the most probable 
hours of stonnactivity each day. Figures 21 and 22 ,show the monthly 
,Wind variation and Figure ,55 shows anappr9ximate munonrve drawn 
through all data pointsfo~ the diurnalw-i~dvari~ticm dtiring 1966. 
1967. Figures 21 and 22 show that November to April was the periodo£ 
the greatest variation in the wind directiori" andoonsidering the 
. . . . 
barometric data and pre?ipitation data. itwa:s also t~e period of greatest 
.' . . 
stonnactivity. Figure 55. therefore, i~dioates that the winter storms 
occurred throughout the day butthatsuimner squalls generally occurred " 
between 1000 andl700 hours. 
(5) Variation of Runoff wlthPrec;Lpa.tation -Figure 56 shows 
, ' 
both the frequency of ()ccurrenoe' of the amOlmt of, da.ilyrainfall and the 
total runoff from Streatnsl-IO as a function bfthe amount of daily 
rainfall. The empirical equation (obtainee by the methoQ of least 
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squares), given in Figure 56, for the total daily runoff as a function 
of the amount of daily rainfall has a lower limit for zero rainfall of 
0.8 mJ/sec (18 million gallons per day). This lower limit was obtained 
from the mean of data for 1960-1967 and it is subject to change during 
long periods of ver,y low rainfall. As an example, the runoff re-
corded in 1962 showed the total runoff dropped to approximately 
0.5 mJ/sec during August. 
(6) Comparison of Runoff with the Net Outflow from the J3aX -
A comparison between the daily stream runoff and the daily net volume 
transported from the Bay for April 7 to 25, 1967 is shown in Figure 57. 
The runoff values were obtained from Figure 56, using the daily 
Mokuoloelsland rainfall. The daily net volumes transported from the 
my were obtained from observations and the results of the volume 
transport computations (Section 3F). The April 1967 observations 
were taken during an 18-day period when the daily rainfall ranged from 
I 
six days of no rain to 4.4 am (1.74 in) of rain on April 15, 1967. 
This was a wide range of precipitation which resulted in distinctly 
different days of runoff arid net volume transports from the fuy. 
Figure 57 shows a difference between the time the rainfall is completed 
and the time the resulting runoff leaves the my. The figure shows that 
this time lag varied from 0 to 48 hours. 
Actually two time lags are combined in Figure 57. The first is 
the lag from the time the rainfall is completed to the completion of 
! 
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the resulting runoff into the Bay. This lag, determined from twelve 
observations taken during April in the Keaahala and Kaneohe ,Streams t ' 
averaged approXimately 29 hours and ranged from 24- .to 33 hours. The 
second lag is the time necessary for the runoff that left the streams 
to leave the Bay. This second tj,.lt1e lag was dependent upon the tic1al 
cycle. The mean of this second lag ,based upon the twelve stream'" 
observations and l8days of continuouscurrentmea.suranerits at the 
entrance of the Jlly ,was approXimatelY 2.5h6urs. ' This lag varied from 
13 to 39 hours. ,Therefore, the total mean timefrotri the completion 
of ar~in squall to the time the runofffrODttlhJ.sstormbegins leaving 
the Bay as a part or the net transport .fronl the,:&!y:wa.~ 54 hours. This 
total time lag var:led between 37 td 72 hours. ,Th~ stonlswith greater 
ra~rirall generally corresponded'to thesh~rtertime. lags. 
(7) 'Results of an Anal:ysiSof'·PastData~' Runpffis 
associated With many factors in additiontopr~cipitation.These 
include ground surface flow. evaporation rates, tran$piration rates 
, " 
by vegetation, percolation into,the groUl1d.tl"~risportrates through 
the soil mantle to the streams, and deep percolation. These factors 
can vary considerably by loc.ation and month. For example, the level 
, 
of rainfall that preceeds it high. rainfall lttonthaifects the am,ount of 
, .' ;". 
" ground water reaching the stream bedsbeoause of the exi~ting ground 
water level. These effects were neglected in the' analYsis of past 
rainfall and l"unoff data because of the lack of sufficient data on 
, , , 
these subjects. It has been assumed that this onlissi~n does not 
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substantially affect the results. This is based on the assumption that 
the rainfall t vegetation t and meteorology of Oahu has generally re ... 
,mained the same throughout the years. Long-termchlu1ges in the 
distribution of runoff into the Bay. however, cannot be neglected. 
One suchlong .. term change in the runoff into Kaneohe Bay was 
found in the flood contribution of each stream during high runoff 
periods. Figure 58 shows the :percent contribution to the total run-
off fram Streams 1 to 9. The figure was obtained b.Y considering the 
month of greatest rainfall each year. and .finding the percent con-
tribution of the nine streams to the total' runoff during this month. 
" This' one month each year was considered the flood ,month. 
Streams 8 and 9 show a gradual increase in the pel:"oent con-
tribution to the total runoff fr6m194o to 1965~ These two streams 
drain the area adjacent to the southeast basin. including the city 
. . 
of Kaneohe. Urban construction has increased in this area since 1940. 
The contributions of Streams 1 through 6 to the total runoff have 
rana.inedrela ti vely constant during the past thirty years. They 
, show an apparent decrease because they oontribute proportionately 
less to the total. Stream 7 (Haiku Stream) dropped noticeably in 
1941, and thereafter shows an aPPSjrent decrease like Streams 1 through 
6. The drop in 1941 may be attributed, to the boring of the Haiku 
Tunnel just prior to July 19LH (Hirash:lJna..196z). The tunnel would 
have the effect of removing a pa~t of the ground water normally reaching 
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the Haiku Stream. This tunnel may also have been responsible for the 
decreasing contribution of Streams 3 and 4 after JUly 1941. 
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4. SUMMARY 
A. General - The results of the study are primarily descriptive. 
The objective was limited to the examination of the relations between 
some of the physical oceanographic phenomena in the Bay. 
The bathymetry, stream runoff. and sewage outflm~s are chiefly 
responsible for the present character of the water in Kaneohe Bay. 
The mouth of the Bay is wide, but the large shallow reef at the entrance 
keeps the Bay partially isolated from the ocean. This reef restricts 
the flushing of the deep water irl the inshore areas. Smaller reefs in 
the Bay further restrict the flow to and from the southeast basin. 
The water properties in the fuy can vary substantially from 
oceanic conditions. The water properties undergo four types of varia-
tions. These are short period cyclical fluctuations, random fluctua-
tions, seasonal variations, and long-term changes. The short period 
cyclical fluctuations are the diurnal variations in the water properties 
due to heating. cooling, tidal changes, and circulation. Daily 
variations in the water temperature, salinity, and o:xygen concentration 
are in this category. These variations were approximately one-fifth 
of the amount of the seasonal variation. The random variations 
result from anomalous inflows or from extreme meteorological con-
ditions. These variations include the effects of high sewage dis-
charge rates. storms. and heavy ru~off. These variations last one to 
three days. The seasonal variations are most obvious in the annual 
changes of the water temperature and salinity in the Bay. The 
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water properties change annually due to the seasonal variation of the 
heat budget and meteorological conditions. Long-term changes are 
found when data covering a munber of years is analyzed. One long-term 
change was found in the contribution of the individual streams along 
the fuyto the total runoff. Three other long .. termchanges suggested 
from the observations may resu~t from the observed transport of sand 
into the northwest channel, the accumulation of silt at the stream 
mouths t and the increase in the phosphate concentration of the Bay due 
to the discharge of sewage into the southeast· basin. 
The duration of the study did provide su;f.ficient time to in-
dicate repeating patterns in the my.. These patterns show that the 
year could have been divided into four periods; identified by the 
following conditions: 
1 - High rainfall and cloud cover. moderate velocity winds with 
variable direction, and low incoming radiation - November t 
. . 
March and April. 
2.. Low rainfall and cloud cover. moderate velocity winds with 
consistent direction, and high incoming radiation -July and 
August. 
3 ... Moderate rainfall. low winds with variable direction. and 
low incoming radiation - December to February. 
4- Moderate rainfall. strong 'tI-rindswith consistent direction, and 
high incoming radiation ... May, June,Sep'~ember a.ndOctober. 
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The bathymetry, tidal flow and wind established the persistent 
current patterns and current velocities found in Kaneohe Bay. The con-
ditions listed above produced definite changes in the seasonal stratifica-
tion, but the rate of circulation in the Bay was only slightly modified 
by these changes. Though numerous free oscillations observed in the 
Bay, changed the apparent height of the tide, the oscillations did not 
contribute substantially to the rate of circulation. 
B. Recommendations on the Use of thaStudy Results - If the 
results of this study are used to estimate the conditions existing in 
the Bay at a particular location or time, the conditions present must 
be compared with the conditions that were present during the study at 
the same location or at the equivalent time of the day, month or year. 
The comparison should include the tidal rate, winds, preCipitation, 
and time of day. In same cases, it may also be advisable to include 
the data fram past years in the comparison, along with an estimate of 
the effects of any atypical meteorological condition present at the 
location or time in question. A careful comparison of these factors 
with the results given in the st'/'\dy should give close estimates of a 
water property, current velocity or direction, runoff volume, tidal 
volue, and so forth. 
Twenty conditions that may be of interest have been listed below. 
along with suggestions on the most probable location and time 
to find these condi tiona in Kaneohe fuy: 
2. 
4. 
5· 
6. 
Condition 
Month of best meteoro-
logical agreement with 
past years. 
110nth of maximum rain-
fall and locations most 
affected. 
Month of minimum rain-
fall and locations of 
least rainfall 
Hour and location of 
Most rainfall 
Hour and looation of 
least rainfall 
Months of Strongest 
winds 
7. Months of weakest 
winds 
8. Months of most con-
sistent wind 
9. Months of most 
variable wind 
10. Locations of the maximum 
diurnal or yearly varia. 
tion of: 
a. Temperature 
b. Salinity 
c. Oxvgen 
d. Phosphate 
11. Locations of the minimum 
diurnal or yearly varia-
tion of: 
a. Temperature 
Suggested Time 
August 
November or May 
August 
0600 hours 
1300 hours 
October. December 
and April, 
July, August 
June to October 
November to May 
.... -----
... --..... 
_ ..... _1IIt 
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Suggested Station(s) 
1-14, 28-51 
1.5-27 
1-9, 30-38, 48-51 
10-28 
_ ..... --
4, 23. 31. 37 
31, 34, 36, 37. 44, 
51. 3, 6, 9. & 10 
2), 25, 26, 30, 42, 
and 45 
4. 10, 31, & 37 
21 t 22, 27. & 28 
Condition 
b. Salinity 
c. OX¥gen 
d. Phosphate 
12. Locations of the maximum 
current velocities 
13. Locations of the minimum 
current velocities 
14. Locations of the greatest 
wa ter exchange daily 
15. Locations of the least 
water exchange daily 
Suggested· Time 
--.. -.. 
--_ ..... 
16. Month and 10ca t:ion of November 
the maximum stream runoff 
17. Month and location of August 
the minimum stream runoff 
18. Month and location of 
maximum wave activity 
19. Month and location of 
minimum wave activity 
20. Month and location of 
maximum stratification 
or estuarine conditione 
October. December 
and April 
July, August 
Nove:nber 
135 
Suggested Station(s) 
20-22. 27-28 
17 and 22 
22 and 23 
17, 19, 21, 26, 
27, and 28 
6, 7, 10, 13, 37. 
and 40 
23 • .30 and 49 
6 and 10 
Streams 1. 3 & 9 
Streams 4 to 6 
17, 19, 21, 22, 27. 
28, and 29 
6 and 50 
at the mouths of 
streams 1 and 9 
136 
5. APP;ENDIX 
A. List of Tables 
Table, I Sununation'Jf Hypsograpbic Calculations 137 .. 1:38,," 
TableII Summation 6fFree osoiiiati~n~1:39 
Table III Current Direot1cms and Velooities at 140 ... 14) 
51 Stations in Kaneohe .Bay 
Table IV EntrahceCross-Sectional Areasl44 
, , 
Table V Transport Distri:butioh(Time and Volume) 145 
a.tthe &y Entranoe 
Table VI Exchange Transport and, Net ,Transport 146 
across the Bay Entrarice ," " 
,", .... . . ," ". 
'TableVII '" Exchange and Net VolUlne ~rahsports 147';'148 
tbroughout the&y, ' ' , 
Table VIII MonthIyCOinponentsottbeHeatExcMriged 149 
at the Surface ", " 
Table IX Summary of the H~at,'~changed attbe150 
Surface ' ' , 
Table X Variation of the, Heat Exchanged at the 1.51 
Surface- Inooming'andOutgoing Tide 
Table I. SU}iMA TION OF 
HYPSOGRAPHIC CALCULATIONS 
It an Inner Boundary Ou.ter Boundary . Units 
- -
1. Total Bay 
(reference = msl); 
A. Area 6 6 2 45.96 x 10 60.56 x 10 m 2 (13· 39) (17.63) (I"'J1l ) (11,360) (14,980) (acres) 
B. Volume 6 6 3 258·5 x 10 6 380.6 x 10 6 m (68,250 x 10 ) (100,600 X 10 ) (gal) 
C. Average Depth 5·63 6.28 m (18.4) (20·5) (ft) 
D. Area (and Percent) 8.4 x 106 6 m2 8.5 x 10 
. eXposed at the . (18·5) (14.0) (%) 
. Lowest Tid e 
E.· Volume Exchanged 
with the Tidal 
Change: 
Maximum (112 em.) 50.0 x 106 66.6 x 106 m3 
(13.200 x 106) (17.590 x 106) (gal) 
(19.3) (17·5) (%) 
Minimum (31 em) 6 26.9 x 106 m3 20.2 x 10 6 
(5.320 xl0 ) (7,100 x 106) (gal) 
(7.8) (10.4 ) (%) 
2. Southeast msin 
(reference :; msl): I-' \..0.) 
-..J 
A. Area 9.181 x 106 2 m 
Item 
B. Percent of the Total Bay 
C. Volume 
D. Percent of the Total Bay 
E~ Average Depth 
J.. General (Reference ::; ms1) : 
A. Average Area of a Cross-
section along the width 
of the Bay . . 
B.; Average Area ·o£·a Oross-
section·· along the ·length 
Table I. SUMMATION OF 
HYPSOGRAPHIC CALCULATIONS 
(continued ) 
19·9 
7 7·08 x.lO 6 
(18,680 x 10 ) 
27·4 
7·7 (25.3) 
18,772 
. ··53.533 
of the Bay· .. .. . 
,c. ~p1esewa.~6Contribu~;pns- --::.: ... ..•. .. .. . .... .. 
1) . Zit 0. X 10 6gal/day = 0.01%0£ southeast basin vOlume(1966-~967) ... . 
·.2} 10.0 x 10 gallday =0.02% of total Bay volume (future estl.l11ated outnow) 
Units 
f, 
·3 
m 
(gal) 
% 
m 
(ft) 
m2 
m2 
D~E.xampleF'lood Contributions (1964/65); 
1) Into the southeast basin (3 streams) :;: 2450i 106 gal/day (peak 24 hrflow) 
.. 2) Into the total Bay (10 streams) = 10650 x 10. gal/day (peak 24,hrflow) 
.... 
~ 
THEORETICAL - at LLW (h= -61 em) 
Node(s) 
1 
2 
3 
4 
5 
THEORETICAL - at Hm; (h= +51 em) 
Node{s) 
1 
2 
3 
4 
5 
Table II. SUMMATION OF 
FREE OSCILLATIONS 
Period - Lem:!ill 
li5. 2 min 
61.8 min 
45.0 min 
34.6 min 
26.9 min 
Period - Length 
1.00.0 min 
51.8 min 
.37.1 min 
27.8 min 
22.4 min 
OBSERVED - at MSL (h= 0 em. avg.) . 
~FregUencl Peaks) 
108 min 
84 min 
62 min 
Period - Width 
103.8 min 
37.5 min 
26.8 min 
21.1 min 
17.2 min 
Period - Width 
84.8 min 
24.5 min 
18.1 min 
13.8 min 
11.3 min 
....... 
\..V 
'D 
Table III. CURRENT DIRECTIONS AND VELOCITIES 
AT 51 STATIONS IN. KANEOHE. PAY. 
INfOtlI!iG_TJ.D! QUIGQI!iG_TJP! 
Station Depth Direction Mean VeloCity Velocity Range Direction Mean Velocity Veloci ty Range 
(m at msl) (degrees) (cm/sec) (em/sec) (degrees) (cmisecJ (cTJJls~cJ 
1 15 170 6 12 - 1 350 7 11 - 2 
2 14 100 9 15 - 3 .090 3 10 - 5 
3 3 120 7 13 - 2 160 8 12 - 2 
4 4 320 5 10 - 1 330 6 10 - 1 
5 10 200 5 9 - 1 270 7 9 - 1 
6 12 190 4 6 - 0 250 6 7 - 0 
7 12 110 7 10 - 1 220 6 9 - 1 
8 15 070 6 9 ~ 0 030 6 13 - 3 
9 3 010 6 12 - 3 260 9 13 - 5 
10 3 080 . 4 7 -1 250 6 9 -2 
11 10 100 9 11 - 4- 220 8 10- 3 
12 12 110 6 10 - 2 090 5 9 - 1 
13 14 090 3 9 - 0 260 3 8 - 0 
14 10 120 4 10 - 1 300 6 10 - 1 f-J 
~ 
15 10 150 5 11 - 4- 300 5 11 - 3 
0 
INCCltING TIDE 
-- --- -....... -
QUIGQIliG..;.T1P! 
Depth Direction Mean Velocity· Velocity Range Direction Mean Valoci ty VelOcity Range 
Station (mat msl)' (degrees) (em/sec) <em/sec) . {degrees) (em/sec) {<a/sec) 
"16' :3 150 9 20 - 5 320 II 24 ... 5 
17 J 210 18 31. - 12 040 .19 62 - 7 
18 2 200 9 26 - 8 .060 12 45- 4 
19 5 210 6 22 -4 030 18 70 - 10 
20 5 200 6 15 - 3 130 4 16 - 4 
21 13 220 7 18- 2 000 3 20 - 2 
22 7 240 6 19 ..2 250 3 21 - 3 
23 1 230 6 17 -3 250 2 5 - 0 
24 . 14 270 8 16 ... J )40 10 14 - 6 
25 '.3 250 ···.··.5· 19-.4 .. 290 3 7'- 0 
26 '. J 240 . ·7 32- :3 . '0)0 21 28 - 6 
27 4 2:50 .6 24- :3 040 19 . 24 - 5 
( .' 28 10 250 5 16 -3 040 17 20 - 4 
29 :3 260 6 15 - 3 160 4 13 - 2 
30 0 260 6 14 - 2. 130 4 12- 1 
31 4 170' 4 10- 2 110 5 1J - 2. J-I .~ 
INCOMING TIDE QUIGQI!G_T!D~ 
_ ... ~ - - -.-
Depth Direction Mean Velocity Velocity Range Direction Mean Velocity Velocity Range 
Station (mat msl) (degrees) . (em/sec) (an/sec) .' (degrees) (cm./sec) (cm1J!ec.> 
32 5 190 5 12 - 2 080 10 16;.. 5 
3; 12 J40 5 14 - 2 020 14 18 - 4 
J4 5 180 3 12- 0 350 9 17 .. 3 
35 10 270 2 14 .. 0 350 6 ·19 - 4 
36 12 240 5 10 .. 1 010 7 14 -3 
37 5- 340 6 12 - 1 )40 8 I; - 2 
38 12 --170 7 13 .. 2 310 9 13 .. 2 
39 15 210 6 12 .. 0 310 6 7 -0 
40 15 210 4 14- 1 320 2 >6 .. 1 
41 12 300 7 12 .. 4 270 6 9-3 
42 15 290 _. 10 21 .. 4 060 8 17- 4 
43 14 240 6 - 9 ~·1· 100" ; 5.;;0 
44 10 210 4 6-·;"·0 020- 6 11 .. 2.· 
45 15 200 -8 12- 3 000 9 12 .. 4 
46 2- 210 34 44 .. 11 090 20 36 - 5 
47 2 2;0 2l 37 - 8 - OJO 16 21- 4 I-' ~ 
tv 
J.NQqiI!G_TIDPd ,QUIGQI!G_T];DPd 
Depth Direction Mean Velocity Veloci ty Range Direction Mean Velocity Velocity Range 
Station (mat msl) (degrees) (em/sec) (em/sec) (degrees) (em/sec) ~lsec2 
48 15 180 6 14 -5 340 2 6 - 0 
49 1 220 5 13 - 4 330 3 12 - 1 
50 14 160 5 14 - 2 340 6 16 - 3 
51 15 120 5 12 - 4 010 5 16 - 2 
NOTE: 
1. The above values are the mean current direction, mean current velocity, and velocity 
range for the water column at each station (Ref. Map 1). 
2. The values are valid for the follOwing tide and wind conditions: 
Tidal rate of Change =.6-18 em/hr 
Trade winds = 100 - 700 magnetic,.5-12 knots· 
3. The current directions can vary considerably from the above values during the changing tide 
and during anomalous wind conditions. 
I--' 
~ 
1. Channel Cross-sectional Areas: 
NorthwestChahnel 
-- --- - - - - - - -
Upper 1242 m2 . 
2 Lower 2156 m 
.2 Total 3398 m 
2. Reef Cross .. sectiona]; AJ:'eas:· 
Table IV. ENT.RANCE 
CROSS-SECTIONAL AREAS 
Southeast Channel 
- - - - ~ .-. - - ~ 
825 m2 
1632 m2 
2457 m2 
Central Reef . 
-.- -.- ....... -
.. 2 
26140 m ·(68.8~ of total) 
5978 m2 (15·8~ oitotal) . Shoreline Reefs 
-.- ~ - -".-"-
J. ~: 
. All cross-sectional areas referred to mal. 
Entrance width = 8580 m 
2 Total entrance cross-sectional area = 37,973 m 
§.u.Qt.2t~ 
2067 m2 
3788m2 
5855m2 
(15-4~ of Total) 
.1-' 
t 
Section of the 
Entrance Area 
Northwest Channel 
(one-half of El) 
Upper (0-3 m) 
'Lower (3-10 m) 
Southeast Channel (E2) 
Upper (0-3 m) 
Lower 0-9 m) 
Reefs 
(one-half of El 
plusE3,E4, 
, and E5) 
, Area 
(mZ) 
1242 (37~) 
2156 (63~) 
3398 (100%) 
825 ( 34%) 
.~ ( 66"') 
2457 (100~) 
32,118 
Table V. TRANSPORT DISTRIBUTION 
(TIME AND VOLUME) AT THE PAY ENTRANCE 
Percent of 
Channel Area 
Percent of Total Percent of Time 
Entrance Area!!1 ~ 
Percent of 
Exchange ,Volume 
59·3 
56.9 
41·7 
43·1 
5·7 
3·2 
4·3 
2.2 
84.6 
65·6 
33·0 
60.0. 
35·9 
68.6 
In Out 
- -
)4.4 10·7 20.6 
67.0 0.4 9·8 
40.0 ].4 8~6 
64.1 3·0 11.2 
31.4 82.5 49·8 
~ 
Vl 
L 
'-
Table VI • EXCHANGE TRANSPORT AND 
NET TRANSPORT AcRoss THEBA.Y ENTRANCE 
. ... ....•. . Average and (MaXimum ) Current 
Seotionof the Entranoe Area Average Transport - m.Jlday Velooities Observed (om/seo)· 
(above· 3 m)(below 3 m) 
18.5 (20) 
16.2 (23) 
4.6(16) 
15.2 (70) 
5·8 (9) 
.3.4 (7) 
5.4 (14) 
23;.2 (25) 
6.0 (21) 
20.6 (45) 
.,. 
The net transport given for eaoh ohannel 
and the reefs is the differenoe between 
thernean daily inflow and outflow for the 
25·days of continuous observations. 
0.3x 106 in3 = net transport .from the Bayeaohday 
f-' 
~ 
.. 0'\ 
Table VII. EXCHANGE AND NET 
VOLUME TRANSPORI'S THROUGHOUT THE BA.Y 
Reference Volume Transport Map (No.2) 
Average Current Velocity 
Cross-Section Njt Transport/Day6 Exch. Transport/DaY6 . of the Exchange Transport 
T1L lsec em x 10 ) m3/sec (gal x 10 ) {em/sec} 
A-I 3 69 190 4344 0·3 
188 4310 0·3 
A-2 1 23 23 520 5·1 
22 512 5·0 
B 150 J423 220 5015 17·9 
70 1592 5·7-
C 106 2409 298 6781 4.1 
192 4372 2.6 
D-1 29 662 82 1878 5·7 
53 1216 3~7 
D-2 302 6898 750 17130 5·:7 
448 10232 3·4 
D-3 29 670 82 1880 5·8 
53 1210 3·6 
D-1i 225 5137 568 12971 33~6 
343 7634 20.4 
D ... 22 44 1004 109 2498 10.8 
65 1494 8.8 ,.,.... ~ 
--.J 
Table VII. EXCHANGE AND NET 
VOLUME TRANSPORTS THROUGHOUT THE PAY 
(continued) 
Reference Volume Transport Map (No. 2) 
Cross-Section Net Transport/DaY6 Exch. Transport/DaY6 
m3/sec (gal xl0 ) m3 [sec (gal x 10 ) 
D-33 33 744 81 1848 
48 1104 
E 150 3434 214 4879 
64 1445 
F 214 4880 337 7682 
123 2802 
Total (out) = 4 73 
Average Current Velocity 
of the&xchange Transport 
(em/sec) 
4.6 
2.8 
5·8 
;~.1 
19·8 
6.4 
~ ()) 
Table VIII. MONTHLY COMPONENTS OF THE 
HEAT EXCHANGED AT THE SURFACE 
(cal/sq em/day) 
Month Q-Incoming Q-&ck Q-Evaporation 
June, 1966 +521 -128 -386 
July. 1966 +477 ·-121 -328 
August, 1966 +462 
-131 -281 
September, 1966 +441+ -126 -329 
October, 1966 +356 -126 -380 
November, 1966 +341 -131 -262 
December, 1966 -L??? ~ . --:" - ~, -126 -292 
January, 1967 +293 -132 -244 
February, 1967 +369 -138 -309 
March. 1967 +309 -120 ~196 
April, 1967 +437 -133 -240 
May, 1967 +432 -126 -283 
June, 1967 +541 -143 -319 
July, 1967 +472 
-115 -330 . 
August, 1967 +465 -128 -288 
l'-iEAN +413 -128 -297 
Q-Sensib~ 
-20 
-12 
+ 5 
- 8 
- 6 
+ 7 
-10 
- 5 
- 3 
-1 
- 2 
... 1 
+ 1 
-14 
+11 
- 4 
Q-Total 
+27 
+40 
+45 
- 3 
-145 
-58 
-131 
-77 
-78 
- 2 
+67 
+24 
. +78 
+41 
+38 
- 9 
I-' 
+c-
\,() 
... 
" ".:.\.. 
Table IX. SUMHARYOF THE HEAT 
EXCHANGED AT THE SURFACE 
Component Range . Month ot Maxim.um 
cal I cm2/da.y 
Qincoming = +541 to +309 June 
%ack .- -143 to -1l5 June 
Qevaporation -380 to -196 October = 
Qsensible = + II to - 20 Nov anb er 
Qtotal = + 67 to -145 April 
!'!.Q11: + indicates heat (Qtotal) is being gained daily 
- indicates heat (Qtotal )is being lost daily 
Honthot Minimum 
March 
July 
March 
June 
October 
.-. 
\.II 
o 
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